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1. Uvod

Rozvoj zdravého stravovani vychézejiciho z udrzitelnych zdroji je jednou z hlavnich
strategii, jak podpofit globalni potravinovou dostupnost, s cilem ochrany vefejného zdravi
svétové populace, kterd v poslednich dekadach ustavicné roste. V zabezpeceni dostatecného
mnozstvi nutricné hodnotnych potravin mé vyznaéné postaveni zemédelska produkce
zékladnich plodin, zejména obilovin, které si ve svétové rostlinné vyrobé zachovavaji trvale
dominantni postaveni. V reakci na troven spolecenského a ekonomického vyvoje, ktery se
odrazi v zajmu spotiebitelll o potraviny, jejichz konzumace miize pfindSet zdravotni benefity,
roste snaha rozsifit sortiment o netradicni nové produkty, ale i zdkladni suroviny pro jejich
vyrobu. S ohledem na skute¢nost, Ze ptiznivé u€inky na zdravi je mozné zajistit a intenzifikovat
pouze pravidelnou konzumaci dostatecného mnozstvi potravin s pfidanou nutri¢ni hodnotou,
ptredstavuji vyrobky z obilovin vhodnou strategii, nebot’ jsou nedilnou soucasti lidské stravy.
V této souvislosti zaujima vysadni postaveni pSenice, ktera vyrazné pfispiva k naplnéni
nutri¢nich potieb lidstva.

Slechtitelské programy zaméfené na vyvoj novych genotypii pienice se zvysenym obsahem
biologicky aktivnich latek v zrnu by mohly vedle podpory genetické variability predstavovat
udrzitelné feSeni pro zajisténi svétové potravinové bezpecnosti. Kromé zakladnich zivin jsou
tyto netradicni genotypy bohatym zdrojem pfirodnich pigmentt (karotenoidd a anthokyantl),
ale 1 dalSich fytochemikalii s antioxida¢nimi vlastnostmi (napt. fenolickych kyselin a tokol).
Karotenoidy a tokoly jsou nejvyznamnéjS$imi lipofilnimi antioxidanty pSeni¢nych zrn, které
hraji dilezitou roli ve fyziologii téméf vSech zivych organismu. U rostlin se podileji na procesu
fotosyntézy a v lidském organismu, kde jejich syntéza neprobihd, chrani bunécné
makromolekuly pfed oxidacnim poSkozenim, které je vyznamnym faktorem patogeneze vétSiny
lidskych onemocnéni. Tokoly a pfedevSim a-tokoferol vykazuji aktivitu vitaminu E, ktery ma
kromé antioxidacni aktivity fadu dalSich pozitivnich G€inkti na lidské zdravi. Nekteré
karotenoidy potom slouZi jako prekurzory vitaminu A, ktery je nepostradatelny pro spravnou
funkci zraku.

Zpisoby zpracovani obilovin predchéazejici jejich konzumaci za ucelem dosaZeni
pozadovanych senzorickych vlastnosti, mohou vést ke zméndm chemického slozeni a nutri¢ni
hodnoty vyslednych produktii. Pro vyuziti nutricniho potencidlu zrna netradi¢nich genotypt
pSenice je tedy naprosto zdsadni urcit charakter a rozsah téchto zmén, ke kterym dochazi

Vv pribéhu technologického zpracovani.



2. Literarni prehled

2.1. Vyznam obilovin v lidské dieté

Vzhledem k celosvétovym populaénim trendiim a cilim v oblasti potravinové bezpecnosti
stanovenym pro rok 2050 je tfeba posilit vyrobu vysoce kvalitnich potravin zptisobem, ktery je
ckologicky a socialn¢ udrzitelny (Ali et al. 2020). S ro¢ni produkci vice nez 778 miliond tun
(Statista, 2023) ptedstavuje pSenice seta (Triticum aestivum L.) plodinu s potencidlem feSit
rostouci pozadavky na globalni zasobovani potravinami. V soucasné¢ dobé¢ je pSenice jednou
Z nejvyznamnéjSich zakladnich surovin, ktera zajistuje vice nez 20 % kalorického piijmu
svétoveé populace a v podobé raznych potravinarskych vyrobkl mize slouzit jako bohaty zdroj
vitaminu a dalSich biologicky aktivnich latek, a to nejen pro Clovéka ale také jako krmivo zvitat
(Venske et al. 2019). Spojitost konzumace celozrnnych vyrobki z obilovin s prevenci fady
civilizacnich onemocnéni, jako je cukrovka, kardiovaskularni choroby a n¢které typy rakoviny
je pricitana ptevazné vlakniné a mikronutrientim obsazenym v hojném mnozstvi v obalovych
vrstvach a klicku zrna, jejichz spolecné pusobeni mize napomahat ochran€ pfed oxidacnim
poskozenim bung¢k tkani, které uzce souvisi S patogenezi fady lidskych onemocnéni (Guo et al.
2022; Wang et al., 2021; Zhang et al. 2018). Ptesto byly s ohledem na obsah zdravi prospésnych
fytochemikalii a vitamint v minulosti, ale i v soucasnosti, $lechtitelské postupy vedeny jen
ziidka, pficemz prioritami pro Slechténi bylo zvySovani vynosového potencialu, odolnosti viici
biotickym a abiotickym stresovym faktorim a zlepSovani parametrii pekarské kvality (Venske
et al. 2019; Ziegler et al. 2016). Technologicka jakost dana jedine¢nou elasticitou lepku, ktera
umoziuje rozmanitéjsi vyuziti pSenice, dobry nutricni zéklad a vysoka ptizplsobivost této
plodiny podminkdm prostiedi, jsou, spolu se zvladnutou péstebni technologii, zajiSt'ujici
produkci velkého mnozstvi dobte skladovatelné suroviny, hlavnimi divody, pro¢ se pSenice
stala mezi lidmi tak rozSifenou (Venske et al. 2019). Intenzivnim Slechténim vysoce
vynosovych genotypl provadénym v poslednich dvou stoletich vSak doslo ke stagnaci kvality
zrma a poklesu genetické variability. Slechtitelské Usili zaméfené na zvySovani obsahu
biologicky aktivnich latek v zrnu by mohlo vyrazné napomoci zachovani rozmanitosti, a tak
I rozvoji udrzitelného zemé&dé€lstvi nebo zvySeni odolnosti rostlin proti stresu a chorobam, coz
ma pfirozeny dopad na vynos a dal$i agronomické parametry, ale i na samotnou kvalitu plodin
(Ali et al. 2020).

V soucasnosti jsou netradicni genotypy pSenice Slechtény zejména s cilem posilit syntézu
lipofilnich pigmentt ze skupiny karotenoidli nebo za ucelem introdukce genil determinujicich
tvorbu a uklddani anthokyand v zrnu. Podle typu a mista ulozeni rostlinnych pigmentl jsou

rozliSovany pSenice se zlutym endospermem, modrym aleuronem, purpurovym perikarpem



nebo jejich kiizenci (Martinek 2021a; Martinek & Vyhnanek 2014). Purpurové zbarveni obilek
je zpiisobeno piitomnosti anthokyant v oplodi zrna, jejichz syntéza je fizena geny, které byly
do genomu pSenice seté vneseny z tetraploidni pSenice T. turgidum L. subsp. abbysinicum
Vavilov. Linie pSenic s modrym zrnem jsou charakteristické vysokym obsahem anthokyant
Vv aleuronové vrstvé, jejichz tvorba je determinovana geny prenesenymi z piibuznych planych
druhti pSenice T. monooccocum L. spp. aegilopoides a pyru Thynopyrum ponticum a Th.
Bessarabicum (Garg et al. 2016). Velmi perspektivni jsou také genotypy s kombinaci genti
uréujicich zbarveni, jako je v CR nové uznana odriida AF Zora s tzv. éernym zbarvenim zrna,
které je podminéno kombinaci genti pro modry aleuron a purpurovy perikarp (Martinek 2021b).
Zluté zbarveni je fizeno geny silné exprimovanymi u jednozrnky, dvouzrnky a p3enice tvrdé,
které zodpovidaji za intenzivni tvorbu a ukladani karotenoidti v endospermu (Martinek 2021a;
Martinek & Vyhnanek 2014). Tyto pigmenty, ale i jiné¢ fytochemikalie hojné obsazené
V pSenicnych zrnech, jako jsou tokoly a fenolické kyseliny, dodavaji této suroviné znacnou
pfidanou hodnotu, nebot’ se vyznacuji vysokou antioxida¢ni aktivitou (Lachman et al. 2018;
Padhy et al. 2022).

Rostouci zajem spotiebitell o potraviny obohacené o funkéni slozky, jako jsou
antioxidanty, vitaminy a vlaknina, se projevil i v poptavce po jinych pSeni¢nych druzich, jako
je Spalda (T. spelta L.), jednozrnka (T. monococcum L.), dvouzrnka (T. dicoccum L.) nebo
pSenice tvrda (T. durum Desf.). Tyto druhy vSak maji ve srovnani s pSenici setou vyrazné nizsi
vynosy a nemohou ji proto ekonomicky konkurovat. Slechténi netradi¢nich genotypi psenice
seté se zvySenym obsahem nutriéné hodnotnych latek v zrnu a jejich vyuziti v potravinarském
primyslu by proto mohlo byt vhodnou strategii rozsiteni trhu zddanych funkénich potravin
(Martinek 2021a; Padhy et al. 2022).

2.2. Karotenoidy

Karotenoidy jsou jedny z nejstarSich znamych molekul, jejichz ptivodni tloha u organismu
z tiSe Archaebacteria spocivala ve zpeviiovani bunéénych membran a tuto roli zastavaji
u nekterych zivocichii a hub dodnes. V soucasné dobé& jsou dobie zndmy jejich fotosyntetické
a fotoprotektivni schopnosti a fada dalSich funkci zejména (nikoli v§ak vyhradn¢) u rostlinnych
organismil. Védecky vyzkum karotenoidi trva od prvni poloviny 19. stoleti, kdy byl termin
karoten navrzen Heinrichem W. F. Wackenroderem pro oznaceni pigmentu izolovaného
z mrkve. V relativné rychlém sledu pak byla barviva ziskana z podzimnich listd pojmenovana
jako xanthofyly, z vaje¢ného Zloutku byl izolovan lutein a z rostliny znamé jako ¢erny svlacec

(Toafmus communis) poté lykopen. Chemicka struktura karotenti a xanthofylti byla popsana



Richardem M. Willstitterem zacatkem 20. stoleti, kdy byly tyto latky také poprvé
chromatograficky separovany a oznaceny jako karotenoidy (Zia-Ul-Haqg 2021).

Karotenoidy hraji vyznamnou roli ve fyziologii téméf vSech zivych organismt, jsou
zodpovédné za zbarveni kvéti a plodi, ¢imz podporuji opyleni a Sifeni semen. Tyto latky
se také podileji na zabarveni zivocisnych struktur, jako jsou napt. peii a zobaky nékterych
ptakl, exoskelety mékkyst a svalovina ¢i kiize ryb. U hub, nékterych bakterii a dalSich
nefotosyntetizujicich organismu slouzi karotenoidy jako ochrana pied nadmérnym ptisobenim
slunecniho zéafeni, a to jednak na zédkladé¢ svého antioxidacniho potencidlu, a také diky
schopnosti svétlo absorbovat, kterou témto organismum propuajcuji. Karotenoidy rostlin
a jinych fotoautotrofnich organismu poskytuji ochranu svétlosbérného aparatu pred nadbytkem
svétla a také se podileji na samotném procesu fotosyntézy (Zia-Ul-Haq 2021).

Pro ¢lovéka maji karotenoidy zasadni vyznam z pohledu jejich antioxidaénich vlastnosti,
diky kterym hraji dalezitou roli v prevenci fady degenerativnich procest (Gulcin 2020), a také
proto, ze predstavuji vyznamny potravni zdroj vitaminu A, jehoz syntéza de novo v lidském

organismu neprobiha (Blaner 2020).

2.2.1. Chemicka struktura

Svou chemickou strukturou, jejiz zéklad je tvofen osmi jednotkami isoprenu, spadaji do
skupiny tetraterpenoidii (Cso). Hlavnim strukturnim rysem Kkarotenoidli je systém
konjugovanych dvojnych vazeb, ktery je obvykle oznaovan jako polyenovy fetézec. Uhlikové
atomy zakladniho skeletu jsou ¢islovany symetricky od konct ke sttedu molekuly, z jedné
strany jednodus$e (1-15), z druhé strany s ¢arkovymi indexy (1°—15”). Methylové skupiny jsou
Cislovany 16-20, resp. 16” —20” (Obrazek 1). Uhlikovy skelet karotenoidit muze byt bud’ ryze
alifaticky, nebo zakonceny jednim az dvéma Sesti-, pfipadné péticlennymi cykly (Meléndez-

Martinez et al. 2019; Riaz et al. 2021).

17 18 1
CHy CH, CH4 CH,

lykopen

B-karoten

Obrazek 1. Chemicka struktura lykopenu a g-karotenu (vytvoieno v programu ChemSketch).
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Doposud identifikované karotenoidy lze klasifikovat do dvou zakladnich skupin na
uhlovodikové karoteny a od nich odvozené kyslikaté xanthofyly. Na zaklad¢ struktury lze
rozlisit také dalsi netypické podskupiny karotenoidi, jako jsou napiiklad nékteré bakteridlni
karotenoidy, které obsahuji navic jednu az dvé isoprenové jednotky (dekaprenoxanthin, Cso),
nebo karotenoidy s mén¢ nez 40 uhlikovymi atomy. Mezi tyto latky, oznacované také jako
degradované karotenoidy, jsou fazeny tzv. apokarotenoidy, které vznikaji oxida¢nim Stépenim
karotenoidi (Meléndez-Martinez et al. 2019).

Polyenové usporadani karotenoidii, zahrnujici az 15 konjugovanych dvojnych vazeb,
zodpovida za jejich specifické fotochemické vlastnosti, typickd absorpcni spektra a s tim
souvisejici barvu vnimanou lidskym okem. Cyklizace konjugovaného systému zplisobuje
posun absorpéniho maxima ke krat§im vlnovym délkdm (tzv. hypsochromni posun). Naopak
SvysSim stupném nenasycenosti absorpéni maximum roste, nebot rostouci pocet
konjugovanych dvojnych vazeb snizuje energii potiebnou k pfechodu elektronti do vyssich
energetickych stavii, coz molekulam umoziuje absorbovat zafeni o vyssich vinovych délkach
(Gulcin 2020). S tim souvisi také intenzita zbarveni dané latky, napt. (-karoten, ktery obsahuje
sedm konjugovanych dvojnych vazeb, ma svétle Zlutou barvu, p-karoten s desiti
konjugovanymi dvojnymi vazbami jasné€ Zlutou a v molekule syté ¢erveného kanthaxanthinu je
téchto vazeb tfinact. Acyklické prekurzory karotenoidi fytoen a fytofluen jsou z tohoto pohledu
raritou, nebot’ jsou v diisledku nizkého poctu konjugovanych dvojnych vazeb bezbarvé. Dvojné
vazby umoznujici Cis-trans-isomerii se pfirozené vyskytuji v konfiguraci all-trans, ktera je
z termodynamického hlediska mnohem vice stabilni. Transformace na konfiguraci cis, jejiz
vyskyt je mozZny jen u dvojnych vazeb nesubstituovanych methylovymi skupinami, miiZze byt
podpoiena plsobenim svétla nebo tepla (Riaz et al. 2021). Rozdily ve tvaru jednotlivych
geometrickych iSomertt mohou byt divodem jejich odlisnych vlastnosti. Cis-isomery jsou diky
svému anguldrnimu tvaru ve fyziologickém prostfedi méné nachylné k agregaci, coz mize mit

vliv na jejich rozpustnost a biologickou dostupnost (Meléndez-Martinez et al. 2019).

2.3. Tokochromanoly

Tokoferoly a tokotrienoly, spole¢né nazyvany jako tokochromanoly, zkracené tokoly,
predstavuji skupinu lipofilnich latek s amfipatickou povahou, které ve své struktufe obsahuji
(polarni) chromanolovy kruh s navazanym (hydrofobnim) isoprenoidnim fetézcem (Lachman
et al. 2018). Tokoly jsou syntetizovany vSemi rostlinnymi organismy (a nekterymi
kyanobakteriemi) prostfednictvim stejné biosyntetické drahy (Tiwari & Cummins 2009).
Tokochromanoly byvaji Casto spoleéné oznaCovany jako vitamin E. V rostlinnych tkanich

vykazuji aktivitu vitaminu E skute¢né vSechny formy, avSak v souvislosti s lidskym



organismem muze byt vitaminem nazyvan pouze a-tokoferol, nebot’ jako jediny ze vSech tokoli
prokazatelné chrani organismus pied onemocnénim zpusobenym jeho nedostatkem (Azzi

2018).

2.3.1. Chemicka struktura

Zakladni strukturu tokoferold, jeZ maji boéni fetézec plné€ nasyceny, tvoii 2-methyl-2-
(4,8,12-trimethyltridecyl) chroman-6-ol, zatimco u tokotrienold, u nichZ se v bo¢nim fetézci
vyskytuji tfi dvojné vazby v pozicich 3°, 7° a 11°, jde o 2-methyl-2-(4,8,12-trimethyltrideca-
3,7,11-trienyl) chroman-6-ol (Tiwari & Cummins 2009). Oba typy tokolii (tokoferoly
a tokotrienoly) existuji ve ctyfech forméch (a-, B-, y- a 0-), které se odliSuji Cetnosti a umisténim
methylovych skupin substituovanych na aromaticky kruh. Z tohoto diivodu nemohou byt a-,
B-, v- a 5-tokoferoly a tokotrienoly oznaovany jako isomery. [somery jsou pouze f3- a y-formy,
jez maji chromanolovy kruh methylovan na dvou atomech uhliku. a-Tokochromanoly
(Obrazek 2) maji methylové skupiny na tfech uhlikovych atomech a - pouze na jednom.
Tokoferoly maji ve svém postrannim fetézci tfi asymetrické uhliky (C-2, C-4’ a C-8’), pficemz
ptirozené formy maji na vSech téchto chirdlnich centrech konfiguraci R, v nazvu proto maji
predponu 2-R, 4’-R, 8’-R-, nebo zkracen¢ RRR-. Tyto ptirozené formy maji siln¢jsi biologické
ucinky nez jejich syntetické ekvivalenty, jeZ jsou racemickou smeési vSech osmi moznych
stereoisomert (Azzi 2018). Tokotrienoly maji pouze jedno chirdlni centrum na C-2, ale na
rozdil od tokoferold maji diky dvojnym vazbam jesté¢ dvé mista geometrického isomerismu
naC-3’ a C-7’. Piirozené tokotrienoly se vyskytuji v konfiguraci 2-R, 3’-trans, 7’-trans-
(Bramley et al. 2000).

CHa ) CHs

a-tokoferol

CH CH
4a' 3 3 3

g'aH 3 o-tokotrienol

Obrazek 2. Chemicka struktura o-tokoferolu a a-tokotrienolu (vytvofeno v programu
ChemSketch).

10



2.4. Spolecné biosyntetické koi‘eny karotenoidi a tokochromanoli

Navzdory strukturni i funkéni rozmanitosti jsou biosyntetické kofeny tokochromanolt,
karotenoidd a vSech ostatnich isoprenoidnich (terpenoidnich) sloucenin relativné jednoduché.
Spoleénym zakladem tvorby jejich uhlikového skeletu jsou molekuly prenyldifosfatu, které
jsou sloZeny ze dvou pétiuhlikatych meziproduktt, isopentenyldifosfatu (IPP) a jeho isomeru
dimethylallyldifosfatu (DMAPP). U rostlin mohou byt molekuly IPP (i DMAPP) syntetizovany
bud’ v cytosolu prostiednictvim tzv. mevalonatové drahy (MVA draha), nebo v plastidech
vV pribéhu drahy methylerythritol fosfatové (MEP draha), nékdy téZ nazyvané jako
nemevalonatova draha (non-mevalonate pathway) (Styrczewska et al. 2013).

MVA draha, jejiz nazev je odvozen od mevalonové kyseliny (MVA), byla povazovana za
jediny zdroj iSoprenoidnich prekurzort pro syntézu terpenoidii az do konce 19. stoleti, kdy bylo
zjisténo, Ze rostliny a vétSina bakterii mohou syntetizovat tyto latky také alternativni MEP
dréhou. MVA draha je vSak zasadni pro tvorbu iSoprenoidnich latek u zivo€icht, kvasinek, hub
a organismu z fiSe Archaebacteria, u nichz se tato draha vyvinula, a také pro produkci
rostlinnych sterolti. U rostlinnych organismil bylo prokazano, ze kompartmentacni oddéleni
drah MVA a MEP neni absolutni a ze mize dochéazet k obousmérné vymeéné jednoho ¢i vice
neidentifikovanych metabolitl jejich transportem pies plastidové membrany (Eisenreich et al.
2004, Moise et al. 2014). MVA draha (Obrazek 3) je zahdjena postupnou kondenzaci tii
molekul acetyl-koenzymu A za vzniku 3-hydroxy-methylglutaryl-koenzymu A (HMG-CoA),
ktery je nasledné redukovan na MVA. V pribchu dalsich tfrech krokt zahrnujicich fosforylaci
a dekarboxylaci je MVA pfeménéna na IPP, ktery mize byt dile isomerovan na DMAPP
(Miziorko 2011; Moise et al. 2014). Pro prub¢h celé drahy je klicovym enzymem HMG-CoA
reduktasa, jez katalyzuje limitujici krok biosyntézy cytosolickych terpenoidd, tedy pieménu
HMG-CoA na MVA. Na aktivitu HMG-CoA reduktasy mize mit vliv fada environmentalnich
a fyziologickych faktort, jako je svétlo, rostlinné patogeny nebo riistové regulatory. U¢innymi
inhibitory tohoto enzymu snizujicimi hladinu cholesterolu v Krvi jsou statiny, hojné vyuzivané

k prevenci i 1é¢b¢ kardiovaskularnich onemocnéni (Eisenreich et al. 2004; Miziorko 2011).
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Obrazek 3. Biosyntéza isopentenyldifosfatu (IPP) v mevalonatové draze.

Ac-CoA acetyl-koenzym A, HMG-CoA 3-hydroxy-3-methylglutaryl-koenzym A, MVA mevalonova
kyselina, MVAP mevalonat-5-fosfat, MVAPP 5-difosfomevalonat; (1) acetoacetyl-CoA thiolasa (EC
2.3.1.9), (2) 3-hydroxy-3-methylglutaryl-CoA synthasa (EC 2.3.3.10), (3) 3-hydroxy-3-methylglutaryl-
CoA reduktasa (NADPH; EC 1.1.1.34), (4) mevalonat kinasa (ATP; EC 2.7.1.36), (5) fosfomevalonat
kinasa (ATP; EC 2.7.4.2), (6) 5-difosfomevalonat dekarboxylasa (ATP; EC 4.1.1.33); upraveno dle
Miziorko (2011).

Pro syntézu plastidickych terpenoidl (v¢etné rostlinnych karotenoidii a tokochromanoli) je
zasadni MEP drdha (Obrazek 4), ktera se zfejm¢ vyvinula v kyanobakteriich. Geny kodujici
enzymy nezbytné pro prubéh této drahy byly do jader rostlinnych organismil integrovany
endosymbidzou fotosyntetizujich kyanobakterii, ¢imz je vysvétlovan i samotny ptivod plastidd,
kde je vétSina téchto enzym lokalizovana. Pro pribéh celé drahy je klicovy jeji prvni krok, ve
kterém dochazi k tvorbé 1-deoxy-D-xylulosa-5-fosfatu (DXP) z molekuly pyruvatu
a glyceraldehyd-3-fosfatu. Tato reakce je katalyzovana DXP synthasou, jejiz aktivita vyrazné
ovliviiuje hladinu terpenoida syntetizovanych v plastidech. DXP je v nasledné reakci zahrnujici
intramolekularni preskupeni a redukci preménén, za pritomnosti NADPH, na 2-C-methyl-D-
erythritol-4-fosfat (MEP). V sérii dalSich tfech krokl je za ucasti cytidintrifosfatu MEP
transformovan na 2-C-methyl-D-erythritol-2,4-cyklodifosfat atento cyklicky meziprodukt
je v zavérecném kroku vyuzit pro syntézu IPP, nebo jeho isomeru DMAPP (Moise et al. 2014).
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Obrizek 4. Biosyntéza isopentenyldifosfatu (IPP) a jeho isomeru dimethylallyldifosfatu (DMAPP)
v methylerythritol fosfatové draze.

DXP 1-deoxy-D-xylulosa-5-fosfat, MEP 2-C-methyl-D-erythritol-4-fosfat, CDP-ME 4-difosfocytidyl-
2-C-methyl-D-erythritol, CDP-MEP 4-difosfocytidyl-2-C-methyl-D-erythritol-2-fosfat, cMEPP 2-C-
methyl-D-erythritol-2,4-cyklodifosfat, HDMBPP 1-hydroxy-2-methyl-2-(E)-butenyl-4-difosfat; (1) 1-
deoxy-D-xylulosa-5-fosfat synthasa (EC 2.2.1.7), (2) 1-deoxy-D-xylulosa-5-fosfat-reduktoisomerasa
(NADPH; EC 1.1.1.267), (3) 2-C-methyl-D-erythritol-4-fosfat cytidyltransferasa (CTP; EC 2.7.7.60),
(4) 4-difosfocytidyl-2-C-methyl-D-erythritol kinasa (ATP; EC 2.7.1.148), (5) 2-C-methyl-D-erythritol-
2,4-cyklodifosfat synthasa (EC 4.6.1.12), (6) 1-hydroxy-2-methyl-2-(E)-butenyl-4-difosfat synthasa
(EC 1.17.7.3), (7) 1-hydroxy-2-methyl-2-(E)-butenyl-4-difosfat reduktasa (NADPH; EC 1.17.7.4), (8)
isopentenyldifosfat isomerasa (EC 5.3.3.2); upraveno dle Fox & Poulter (2005).

V ramci biosyntézy terpenoidt pak dochazi k adici IPP (Cs) na jeho isomer DMAPP (Cs),
za vzniku geranyldifosfatu (GDP). Naslednou kondenzaci GDP (C1o) S dal$imi jednotkami IPP
vzniké farnesyldifosfat (FDP, Cis), geranylgeranyldifosfat (GGDP, Czo; Obrazek 5) a dalsi
elonga¢nich reakci, katalyzovanych enzymy vSeobecné zndmymi jako prenyltransferasy,
vznikaji slou€eniny, které tvoii linearni zaklad uhlikového skeletu Sirokého spektra terpenoidi.

GDP je prekurzorem monoterpent, FDP seskviterpenti a triterpentt a GGDP slouZzi k syntéze
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20- a 40-uhlikatych struktur, v¢etné karotenoidli a isoprenoidoniho fetézce tokochromanol
(Chang et al. 2021; Styrczewska et al. 2013).

Dlouho se piedpokladalo, Zze tokochromanoly mohou byt syntetizovany vyhradné
fotosyntetizujicimi organismy, karotenoidy pak také nckterymi nefotosyntetizujicimi
bakteriemi a houbami. Schopnost produkovat tyto latky byla ale zjiSténa i u jinych
nefotosyntetizujicich organismu, jako je parazit Plasmodium falciparum schopny syntetizovat
a- a y-tokoferol (Sussmann et al. 2011) nebo u vybranych ¢lenovci produkujicich karotenoidy
(Sun et al. 2020).

isopentenlyldifosfat (IPP)

dimethylallyldifosfat (Cs) L cHopp + A_cHopp IPP(C3)
geranyldifostat (Cio) A Lo ch,opp + A_CHOPP TPP(C5)

/

farnesyldifosfat (Cis) - Ik Joonopr  + J_cHore PP (cy
geranylgeranyldifosfat (C20) PN SN NP e
Obrazek 5. Schéma biosyntézy vybranych prenyldifosfati (upraveno dle Ashour et al. 2010).

2.5. Biosyntéza karotenoidu

Vlastni biosyntéza karotenoidti (Obrazek 6) probiha v plastidech a je fizena enzymy
kédovanymi v bunééném jadre, které jsou po jejich syntéze presunuty do plastidi, kde podléhaji
posttranslacnim modifikacim. Redukéni kondenzaci dvou molekul GGDP vznikd prvni
bezbarvy karotenoidni produkt 15-cis-fytoen. Tato reakce katalyzovana fytoen synthasou, je
povazovana za limitujici krok syntézy karotenoidii. Nasleduje postupna dehydrogenace
a isomerace 15-cis-fytoenu na all-trans-lykopen, ke které mize dochazet dvéma odlisnymi
zpiisoby podle typu organismu. U vétSiny bakterii schopnych syntézy karotenoidi je acyklicky
prototyp karoteni 15-cis-fytoen pfeménén na all-trans-lykopen pies meziprodukt
all-trans-C-karoten prostiednictvim jediného enzymu, kterym je bakterialni fytoen desaturasa,
katalyzujici isomeraci na dvojné vazbé mezi C15 a C15’ a Ctyfi desaturacni reakce v pozicich
7,11,11° a7’ (Moise et al. 2014).

U rostlin (a kyanobakterii) je tato pfeména fizena prostiednictvim Ctyt riznych enzymi,
konkrétn¢ to jsou fytoen desaturasa (PDS), (-karoten isomerasa (Z-1SO), {-karoten desaturasa
(ZDS) a karotenoid isomerasa (CRTISO). Pusobenim PDS dochazi ke dvoustupiové desaturaci
15-cis-fytoenu, pfi které se pocet konjugovanych dvojnych vazeb zvysuje nejdiive ze tii na pét,

¢imz vznika 15,9’-di-cis-fytofluen a poté na sedm u 9,15,9’-tri-cis-C-karotenu. Tento
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meziprodukt je nasledné enzymem Z-ISO pifeménén na 9,9’-di-cis-(-karoten, nicméné tato
reakce muze byt zprosttedkovana také plisobenim svétla, a proto neni aktivita Z-1SO ve tkanich
vystavenych slunecnimu zafeni nezbytnd (Baranski & Cazzonelli 2016). Ve druhém cyklu
dvoustupnové desaturace je centralni nenasyceny fragment 9,9’°-di-cis-(-karotenu prodlouzen
pomoci ZDS nejdiive na devét konjugovanych dvojnych vazeb v molekule 7,9,9’-tri-cis-
neurosporenu a poté na jedenact u 7,9,9°,7’-tetra-cis-lykopenu (prolykopenu). Ten je nasledné
isomerovan prostfednictvim enzymu CRTISO na all-trans-lykopen, systematickym nazvem
y,y-karoten (Sun et al. 2020). Stejné¢ jako v ptipadé¢ Z-ISO nebrani nedostatecna aktivita
CRTISO ve tkanich vystavenych svétlu tvorbé all-trans-lykopenu, avsak fotoisomerace je
V obou ptipadech mén¢ t€inna (Baranski & Cazzonelli 2016). V desaturacnich sekvencich jsou
jako akceptory elektronti vyuzivany oxidované molekuly plastochinonu, které mohou byt
nasledné regenerovany ¢innosti plastidialni terminalni oxidasy nebo pfenosem elektrond ve
fotosyntetické tkani, pfipadné také alternativnim zpiisobem prostfednictvim plastochinol-O2
oxidoreduktasy ve tkdnich nefotosyntetickych. NaruSenim biosyntézy plastochinonti
v plastidech tak mize dochazet k omezené desaturaci fytoenu a tim i k omezeni biosyntézy
karotenoidd (Sandmann 2009).

Dalsi faze je mistem vétveni biosyntetické drahy a spociva v cyklizaci jednoho nebo obou
konct acyklické molekuly lykopenu, kterou zajistuji enzymy ze skupiny lykopen cyklas
(LCY). Cinnosti téchto enzymil dochazi ke vzniku Sesti¢lennych, tzv. iononovych kruhii
s jednou dvojnou vazbou a tfemi methylovymi skupinami, které se lisi polohou dvojné vazby
vramci cyklu (Stange & Flores 2012). LCYB umoznujici cyklizaci obou koncti linearni
struktury lykopenu katalyzuje syntézu B-iononového kruhu. Tvorbou této struktury na jednom
konci lykopenu vzniké asymetricky y-karoten (systematicky B,y-karoten) a naslednou cyklizaci
opacného konce tetézce dochdzi ke vzniku B-karotenu (B,B-karoten). LCYE, jez vede reakci
k tvorbé a-iononového cyklu, obvykle modifikuje pouze jeden konec molekuly a premény
monocyklického karotenu neni schopnd. Pisobenim LCYE dochdzi k pfeméné lykopenu na
d-karoten (y,e-karoten), jehoZ zbyvajici acyklicky konec mize byt ¢innosti LCYB cyklizovan
za vzniku a-karotenu (P,e-karoten), v jehoz struktufe je obsazen jeden a-iononovy a na druhém
konci B-iononovy cyklus. Vyjimkou je jediny znamy homolog LCYE vyskytujici se v salatu,
ktery je schopny cyklizovat oba konce lykopenu a vytvaret tak e-karoten (e,e-karoten).
Monocyklické karoteny jsou obvykle okamzit¢ preménény na bicyklické, které se proto
v rostlinach vyskytuji mnohem castéji, pficemz nejvice zastoupeny je [-karoten (Baranski
& Cazzonelli 2016).

Bicyklické molekuly karotent pak mohou byt modifikovany vytvarenim rliznych funkénich

skupin obsahujicich kyslik za vzniku strukturné rozmanitého spektra xanthofyl. Postupnou
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hydroxylaci C3 iononovych kruhti B-karotenu dochazi nejdiive ke vzniku B-krypthoxanthinu
a nasledné¢ zeaxanthinu a analogickym zptsobem vede hydroxylace o-karotenu nejprve
k tvorb¢é a-kryptoxanthinu (pfipadné zeinoxanthinu) a poté luteinu. Hydroxyalce je jednou
z nejcastéjSich modifikaci cyklickych struktur karoteni a mize byt fizena prostfednictvim
odlisnych enzymatickych mechanismi, zahrnujicich ruzné typy hydroxylas a cytochromy
P450. Nasledné¢ epoxidacni reakce vedou k tvorbé mnoha riznych karotenoidd, z nichz
nejbeéznéjsi jsou ty, které se ucastni xanthofylového cyklu, v jehoz pribé¢hu miize dochazet
k reverzibilnim preménam katalyzovanym zeaxanthin epoxidasou (ZEP) a violaxanthin
deepoxidasou (VDE). Epoxidaci hydroxylovanych B-cykli zeaxanthinu prostiednictvim ZEP
postupné vznika antheraxanthin a poté violaxanthin, pfi¢emz tyto reakce mohou byt za
intenzivniho pasobeni svétla prevraceny ¢innosti VDE. Porusenim vazby epoxidové skupiny
violaxanthinu ptsobenim neoxanthin synthasy muze vznikat neoxanthin, jehoz tvorba
predstavuje posledni krok biosyntetické drahy karotenoidl (Baranski & Cazzonelli 2016; Lu
& Li 2008).

2.5.1. Vyznamné degradac¢ni produkty karotenoidu

Koncové produkty biosyntézy karotenoidi mohou byt katabolizovany prostfednictvim
neenzymatickych mechanismi, jako je fotooxidace nebo plisobenim nespecifickych enzymd,
jako jsou lipoxygenasy a peroxidasy. V dusledku téchto degradacnich reakci dochazi ke vzniku
apokarotenoidnich signalnich molekul, které zastdvaji v rostlinnych organismech rozli¢né
funkce, vCetné ucasti na jadernych procesech. Nékteré apokarotenoidy mohou vznikat také
oxida¢nim Stépenim karotenoidii fizenym enzymy oznaCovanymi jako karotenoid Stépici
dioxygenasy (CCDs; carotenoid cleavage dioxygenases). Cinnosti CCDs mohou byt
violaxanthin a neoxanthin S$tépeny za vzniku xanthoxinu, pfimého prekurzoru abscisové
kyseliny (ABA) (Baranski & Cazzonelli 2016; Lu & Li 2008). ABA je fytohormon, ktery hraje
klicovou roli v fadé procest souvisejicich s ristem rostlin a jejich toleranci vici abiotickym
stresovym faktorim (Dong et al. 2015). Dalsi vyznamnou skupinou fytohormont naleZici do
skupiny apokarotenidll jsou strigolaktony, které vznikaji degradaci B-karotenu. Jejich vyznam
spociva predevsim v regulaci transportu auxintl, v disledku ¢ehoz ovlivituji vétveni vyhonkd,

vyvoj kotent, ale i rist dalSich ¢asti rostlin nebo kli¢eni semen (Dvotakova & Vanék 2015).
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Obrazek 6. Biosyntéza karotenoidii.

PSY fytoen synthasa (EC 2.5.1.32), PDS fytoen desaturasa (EC 1.3.5.5), Z-ISO (-karoten isomerasa
(EC 5.2.1.12), ZDS (-karoten desaturasa (EC 1.3.5.6), CRTISO karotenoid isomerasa (EC 5.2.1.13), LCYE
lykopen e-cyklasa (EC 5.5.1.18), LCYB lykopen B-cyklasa (EC 5.5.1.19), HYDB pB-karoten hydroxylasa
(EC 1.14.15.24), HYDE e-karoten hydroxylasa (EC 1.14.14.158), VDE violaxanthin deepoxidasa (EC 1.23.5.1),
ZEP zeaxanthin epoxidasa (EC 1.14.15.21), NSY neoxanthin synthasa (EC 5.3.99.9); upraveno dle
Smolikova & Medvedev (2015).
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2.5.2. Akumulace

Karotenoidy mohou byt syntetizovany ve vétSin€ rostlinnych pletiv t¢émét ve vSech druzich
plastidl, s vyjimkou bezbarvych proplastidd, pficemz rizné typy téchto organel vykazuji
odlisné schopnosti syntetizovat a uchovavat tyto pigmenty. V chloroplastech je vétSina
karotenoidu lokalizovana v thylakoidni membrané ve formé pigment-proteinovych komplexu,
kde zastavaji zasadni ulohu v rdmci svétlosbérného aparatu obou fotosystému. Velké mnozstvi
karotenoidnich pigmentl je kumulovano v chromoplastech, které mohou napt. pfi dozravani
plodt vznikat z chloroplasti odbouranim chlorofylovych pigmentti a jejich nahrazenim
karotenoidy. Béhem této pfemény dochazi k transportu karotenoidnich barviv do lipidovych
utvard, oznacovanych jako plastoglobuly, kde jsou ulozena v podobé riiznych karotenoid-
lipoproteinovych  struktur (globularnich, fibrildrnich, tubuldrnich, —membranovych,
¢i krystalickych), podle jejichz charakteru jsou rozliSovany i jednotlivé typy chromoplasta.
Karotenoidy lokalizované v chromoplastech, které oproti karotenoidim uloZenym
vV membranéch chloroplastii vykazuji mnohem vyss$i svételnou stabilitu, se vyznamné podileji
na ochran¢ lipidovych a bilkovinnych slozek membran pied fotooxidaénim poskozenim
(DellaPenna & Pogson 2006; Sathasivam et al. 2021). Etioplasty rostlin rostoucich v temnu,
které se pisobenim svétla vyvijeji v chloroplasty, maji nizkou biosyntetickou aktivitu
a obsahuji jen velmi nizké hladiny karotenoidii. Oproti tomu elaioplasty specializované na
ukladani lipidd, predstavuji pfihodné misto pro akumulaci téchto hydrofobnich pigmentt.
U obilovin, ale i jinych zékladnich plodin, napi. brambor, jsou karotenoidy syntetizovany
a kumulovany také v amyloplastech, které vSak postradaji vhodné struktury pro jejich
uchovavani, a proto jsou v nich syntetizované karotenoidy ¢asto nachylné&jsi k degradaci (Li
& Yuan 2013).

Uroveti akumulace karotenoiddi v zelenych pletivech je relativné stabilni, pfi¢emz
nejhojnéji jsou, v sestupném poradi, zastoupeny lutein, B-karoten, violaxanthin a neoxanthin.
Oproti tomu v nezelenych tkanich (kvéty, plody a semena) obsah karotenoidii znacné kolisa
a muze byt vyrazné ovlivnén mnoha faktory, jako je vyvojové stadium, abiotické a biotické
faktory nebo kombinace obou vlivii. V obilnych zrnech je zpravidla nejhojnéji obsazen lutein

a zastoupen byva také zeaxanthin, antheraxanthin ¢i f-karoten (Sathasivam et al. 2021).

2.6. Biosyntéza tokochromanoli

V biosyntetické draze tokoli (Obrazek 7) je zasadni kondenzace polarni chromanolové
casti, kterd je odvozena od metabolismu aromatické homogentisové kyseliny (HGA)
a prekurzorovych molekul lipofilniho uhlovodikového tetézce. Pro syntézu tokotrienolll je

timto prekurzorem GGDP. Pro tvorbu tokoferolti, musi byt GGDP nejdiive pfeménén na
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fytyldifosfat (PDP) prostiednictvim enzymu GGDP reduktasy, jehoz piisobenim dochézi
k redukci tii ze ¢tyt dvojnych vazeb v molekule GGDP za vzniku PDP (DellaPena & Pogson
2006).

Prvnim krokem biosyntézy chromanolové ¢asti je syntéza p-hydroxyfenylpyruvatu (HPP),
ktery miize byt syntetizovan v Sikimatové draze ptes meziprodukt prefenat nebo transaminaci
tyrosinu. Vznikly HPP je ¢innosti enzymu p-hydroxyfenylpyruvat dioxygenasy pireménén
na HGA. Jde o slozitou, nevratnou enzymatickou reakci, ve které dochazi k oxidacni
dekarboxylaci postranniho fetézce, jeho migraci do pozice 2 aromatického cyklu
a k hydroxylaci v poloze 1 (Fritsche et al. 2017).

V dal$i fazi dochazi pusobenim enzymu homogentisat prenyltransferasy (HPT) nebo
homogentisat geranylgeranyltransferasy (HGGT), ke kondenzaci HGA a PDP nebo GGDP,
¢imz vznika 2-methyl-6-fytylplastochinol (MPBQ) nebo 2-methyl-6-
geranylgeranylplastochinol (MGGBQ). Tento krok je hlavnim mistem regulace biosyntetické
drahy a aktivita HPT a HGGT je tedy v procesu tvorby tokoferolli a tokotrienolli naprosto
klicova (Muiioz & Munné-Bosch 2019). MPBQ, respektive MGGBQ jsou prvnimi spole¢nymi
meziprodukty pro syntézu vSech tokoferolii, respektive tokotrienolt (Bramley et al. 2000;
DellaPena & Pogson 2006; Fritsche et al. 2017).

Methylaci benzenového jadra MPBQ nebo MGGBQ Vv pozici 3, dochazi k formaci
2,3-dimethyl-6-fytyl-1,4-benzochinonu (DMPBQ) nebo 2,3-dimethyl-6-geranylgeranyl-1,4-
benzochinonu (DMGGBQ). MPBQ a DMPBQ (nebo MGGBQ a DMGGBQ) jsou substraty
pro enzym tokoferolcyklasu, jehoZ pisobenim vznika z MPBQ d-tokoferol (z MGGBQ 6-
tokotrienol), ktery mize byt dale pfeménén prostfednictvim enzymu y-tokoferol
methyltransferazy na p-tokoferol (resp. B-tokotrienol). Tytéz enzymy u¢inkuji i v tseku
biosyntetické drahy odvozené od DMPBQ (resp. DMGGBQ), v tomto pfipadé je prvnim
produktem y-tokoferol (resp. y-tokotrienol), ze kterého nasledné vznika a-tokoferol (resp.
a-tokotrienol) (DellaPenna & Pogson, 2006; Fritsche et al. 2017).
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Obrazek 7. Biosyntéza tokoferoli.

HPP p-hydroxyfenylpyruvat, PDP fytyldifosfat, MPBQ 2-methyl-6-fytylplastochinol, DMPBQ 2,3-
dimethyl-6-fytyl-1,4-benzochinon; (1) p-hydroxyfenylpyruvat dioxygenasa (EC 1.13.11.27),
(2) homogentisat prenyltransferasa (EC 2.5.1.115), (3) MPBQ methyltransferasa (EC 2.1.1.295),
(4) tokoferol cyklasa (EC 5.5.1.24), tokoferol methyltransferasa (EC 2.1.1.95); upraveno dle Méne-
Saffrané & DellaPenna (2010).

2.6.1. Akumulace
Primarnim mistem akumulace tokochromanolt jsou plastidy, kde probiha i jejich
biosyntéza, ale jejich vyskyt byl zaznamenan také ve vakuolach a bunécénych jadrech listi
je¢mene, nebo v mitochondriich zelenych fas. V obilovinach a jinych semenech mohou byt
lokalizovany také v jinych extraplastididlnich bunéénych kompartmentech, jako jsou lipidova

téliska v bunécném cytosolu, ve kterych je ulozeno velké mnozstvi zasobnich lipidi
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a tokochromanoly se zde podileji na jejich ochran¢ pied oxidaénim poskozenim (Falk
& Munné-Bosch 2010; Méne-Saffrané & DellaPenna 2010).

Ptestoze jsou rozdily ve struktufe jednotlivych forem nepatrné, znacné ovliviuji jejich
biologickou aktivitu a také pfitomnost a akumulaci v rostlinach (Mufioz & Munné-Bosch
2019). Tokoferoly se vyskytuji ve vSech fotosyntetizujicich organismech, v listech, semenech,
mén¢ a jsou pritomny pouze v nékterych skupinach rostlin, a to témét vyhradné v semenech
a plodech. Zatimco tokotrienoly jsou v rostlinach obsazeny ¢asto ve formé esterti, tokoferoly
existuji pouze jako volné alkoholy (Combs & McClung 2017). Obsah i zastoupeni jednotlivych
forem je velmi rtiznorodé, nicméné ve fotosyntetickych tkanich je pievladajici formou
a-tokoferol, zatimco v semenech jednodéloznych rostlin jsou c¢asto hojnéji zastoupeny
tokotrienoly. Navzdory pfevazujicimu zastoupeni tokotrienoli je v semenech obecné
akumulovano az dvacetkrat vice tokoferoli nez v listech. V obilnych zrnech se tokoferoly
vyskytuji ptevazné v klicku a v perikarpu, zatimco tokotrienoly zejména Vv aleuronové vrstveé

a endospermu (Falk & Munné-Bosch 2010; Méne-Saffrané & DellaPenna 2010).

2.7. Funkce karotenoida a tokochromanolii ve fotosyntéze
reakci, pfi kterych dochézi k preméné€ energie slunecniho zatreni do formy energie chemické
(ATP), vyuzitelné autotrofnimi organismy pro syntézu organickych latek. Principem
nejbéznéjsi formy fotosyntézy je svétlem determinovany pienos elektronil, pro ktery je
nezbytnd cinnost svétlosbérnych pigmentl. Tyto pigmenty jsou u vétSiny organismu
lokalizované v membranovych tutvarech zvanych thylakoidy, které tvofi Clenity systém
vnitiniho prostoru chloroplastli, tzv. stromatu. Ve dvouvrstevné struktute thylakoidnich
membran, sestavajici z proteinovych a lipidovych zékladnich komponent, jsou molekuly
pigmentt a proteint usporadany do strukturnich jednotek oznac¢ovanych jako fotosystém I a II
(FSI a FSII). Fotosystémy jsou tvofeny dvéma hlavnimi ¢éastmi, reakénim centrem
a svétlosbérnym komplexem LHCI a LHCII (z anglického light-harvesting complex), nékdy
nazyvanym jako anténni systém. V komplexech LHCI a LHCII jsou obsazeny molekuly
chlorofyll a dalSich fotosyntetickych pigmentt, které slouzi k pfenosu energie zachyceného
fotonu do reak¢niho centra daného fotosystému. NejvyznamnéjSimi doplikovymi pigmenty,
které usmérnuji energii absorbovaného svétla do chlorofylovych fragmenti reakéniho centra
a podnécuji tak cely fotochemicky proces jsou karotenoidy (nejcastéji P-karoten, lutein
a zeaxanthin) a u nékterych kyanobakterii, sinic a tfas také fykobiliny. Pro uéinny ptenos

excitacni energie je nezbytna specifickd prostorova orientace jednotlivych molekul FSI a FSII,
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ktera je udrzovana pomoci bilkovinnych slozek téchto pigment-proteinovych komplexi. FSI
a FSII se lisi pigmentovym sloZenim, a tedy i u€innosti v jiné spektralni oblasti. V reakénim
centru FSII jsou obsazeny specialni molekuly chlorofylu a, ktery je podle vinové délky svého
absorp¢niho maxima oznacovan jako P680 a diky pfitomnosti tohoto pigmentu je FSII jedinym
znamym biologickym systémem, ktery disponuje schopnosti oxidovat vodu na molekularni
kyslik (fotolyza vody). Soucasti FSI, v némz dochazi k redukci molekul NADP*, je molekula
chlorofylu a (P700) o vinové délce maxima své absorpce 700 nm. S pigment-proteinovymi
komplexy fotosystémil jsou spojeny molekuly cytochromt a chinonil, které se podileji na

oxidaci vody a redukci NADP* (Blankenship 2021; Zia-Ul-Haq 2021).

2.7.1. Vyznam karotenoidi

Fotosyntetickym aparatem muize byt uc¢inné vyuzito zafeni ze spektralni oblasti od 400 do
700 nm, které je oznaCovano jako fotosynteticky aktivni a predstavuje témét polovinu (47 %)
Z celkového zareni emitovaného sluncem, které dopada k zemskému povrchu (Blankenship
2021). Chlorofylové pigmenty absorbuji a nejucinnéji vyuzivaji fotony piedevs§im z modré
(400450 nm) a Cervené (670-710 nm) oblasti spektra. Karotenoidy jsou jako pomocné
svétlosbérné struktury schopné zachytit zafeni ve spektralni oblasti 400-500 nm, kterou
chlorofyly zcela nepokryvaji a zvySuji tak rozmanitost absorbovaného zéateni (Zulfigar et al.
2021).

Jako funkéni slozky FSI a FSII maji karotenoidy 1 dal$i vyznamné role. Soucasti LHCII
zelenych rostlin jsou dvé molekuly luteinu (lutl a lut2), jejichz uspotadani ve tvaru ,, X
napomaha udrzeni prostorové struktury celého komplexu (Blankenship 2021). Pfestoze je
molekularni struktura lutl a lut2 stejnd, jejich fotofyzikalni vlastnosti a funk¢énost jsou, ziejmé
v dusledku konformacnich modifikaci fizenych okolnimi proteiny, odlisné. Tyto molekuly jsou
zodpovédné za prenos energie na chlorofyly a zaroven jsou schopné tuto energii v pripadé jejiho
nadbytku zhaset. Lutein tak hraje Ustfedni roli v fizeni absorbované svételné energie a v jejim
efektivnim rozloZeni mezi chromofory. Cely tok excitani energie z vysSich do niZSich
energetickych stavll je v podstaté¢ modulovan a optimalizovan prostfednictvim molekul lut2
(Collini 2019).

2.7.1.1.  Fotoprotektivni funkce
Svétlo je nejen zdkladni hnaci silou fotosyntézy, ale zaroven i stresovym faktorem, ktery
muze vyvolat sekundéarni destruktivni procesy. Absorpci fotonu je vyvoldna excitace molekuly
pigmentu, tedy jeho prechod na vysSi energetickou hladinu. Pii nadmérném plisobeni
slune¢niho zafeni dochéazi k akumulaci excitaéni energie ve svétlosbérnych komplexech (LHCI

a LHCII), ktera mtze vyvolat pfechod molekul chlorofylu do nestabilnich tripletovych stavii
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(3CHL™*). Ve snaze vrétit se do zakladniho stavu mtze 3CHL* interagovat s molekularnim
kyslikem a pievést ho tak do excitovaného (singletového) stavu (Blankenship 2021; Collini
2019). Na tomto misté je vhodné zduraznit, Ze vétSina biogennich molekul ma v zakladnim
Elektronova konfigurace zakladniho stavu molekuldrniho atmosférického kysliku je odlisna,
nebot’ ma v nejvyS$im antivazebném orbitalu dva neparové elektrony s paralelnimi spiny
a nachazi se tedy ve stavu tripletovém (multiplicita spinu = 3) (Lang et al. 2005). Pfebyte¢na
energie absorbovand chlorofylovymi pigmenty zaroven podnécuje pifimou redukci
atmosférického kysliku prostiednictvim FSII, coz také vede k tvorbé jeho reaktivnich forem,
jejichz pusobeni je pro fotosynteticky aparat Skodlivé (vede napt. k peroxidaci lipida
thylakoidnich membran) (Blankenship 2021).

Jako funk¢ni slozky fotosystému se karotenoidy vyznamné podileji na ochrané pied timto
fotooxida¢nim poskozenim, nebot’ dovedou uc¢inn¢ zhéset energii excitovaného tripletového
chlorofylu dfive, nez miize reagovat s kyslikem, ¢imz zamezuji vzniku jeho singletového
stavu (1). Tuto schopnost vykazuji pouze karotenoidy, V jejichz molekule je alespon 9
konjugovanych dvojnych vazeb (Zulfigar et al. 2021).

S3CHL*+ CAR — CHL + 3CAR* (1)

Karotenoidy jsou rovnéz schopny zhaSet singletovy kyslik (!0z) a ostatni kyslikové
radikaly, pokud néjakym zpisobem dojde k jejich vzniku. Obecnym principem zhéSeni je
pienos excitaéni energie z 'O, na molekulu karotenoidu, &imz kyslik pfechazi zpét do
zakladniho stavu a karotenoid je naopak excitovan do stavu tripletového, ze kterého se mize
navratit zpét do zakladniho stavu za uvolnéni energie ve formé tepla (2). Karotenoid tak muze
projit vice cykly zhaseni *O- (Zulfigar et al. 2021).

10, + CAR — 203 + 3CAR™* (2)

3CAR* — CAR +teplo

Schopnost karotenoidii zhaset *O; se zvySuje v zavislosti na poétu konjugovanych dvojnych
vazeb, pfi¢emz nejvyssi potencidl maji v tomto ohledu ty, které maji devét a vice dvojnych
vazeb (Zulfigar et al. 2021).

Proti poskozeni vyvolanému nadbytkem svétla se mohou fotosyntetické organismy branit
také prostfednictvim riznych mechanismt, které zahrnuji konformacni zmény pigment-
proteinovych komplexti a syntézu specifickych molekul napomahajicich zpracovat
nadbyte¢nou energii. Zakladnim ochrannym mechanismem je fosforylace LHCII a jeho
odpojeni od FSII, ¢imz dochazi k zabranéni pfenosu energie do reak¢éniho centra. Elektrony
jsou za téchto okolnosti pfenadSeny alternativnim zplsobem, prostfednictvim cyklického

elektronového transportu, v jehoz disledku dochazi ke zvySeni koncentrace H* ve vnitinim
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prostoru (lumen) thylakoidd. Okyseleni vede k aktivaci enzymu violaxanthin deepoxidasy
(VDE) a naslednému spusténi xanthofylového cyklu, vramci kterého je violaxanthin
pusobenim VDE pfeménén pies meziprodukt antheraxanthin na zeaxanthin. Zeaxanthin, ktery
vykazuje siln¢ fotoprotektivni vlastnosti, je schopen prostfednictvim disipace energie

zabranovat poskozeni reakéniho centra (Latowski et al. 2004).

2.7.2. Vyznam tokochromanolu

Tokochromanoly jsou soucésti slozit¢ho systému protektivnich mechanismi, které ve
vzajemné souhte chrani svétlosbérné tkané pied fotooxida¢nim poskozenim. Obzvlasté dilezité
jsou pfi intenzivnim pusobeni svételného stresu nebo pii absenci, ¢i selhani jinych ochrannych
mechanismu (xanthofylovy cyklus nebo jiné antioxida¢ni latky) (Falk & Munné-Bosch 2010).
Tokochromanoly, zejména a-tokoferol, u¢inné neutralizuji molekuly 1O prostfednictvim dvou
riznych mechanisma. Prvni z nich (fyzikalni), je analogicky k mechanismu (2) u karotenoidu.
Spociva v rezonanénim pifenosu a nasledném tepelném rozptylu piebytecné energie, pficemz
jedina molekula a-tokoferolu miize deaktivovat az 120 molekul O, neZ je zcela degradovana.
Druhy zptsob (chemicky) je =zalozen napifimé reakci vedouci k poruSeni/otevieni
chromanolového cyklu za vzniku tokoferyl chinont, pfi které je na neutralizaci jedné molekuly
!0, spottebovana jedna molekula tokoferolu. Chinony mohou byt vsak prostiednictvim
NADPH dependentni chinon oxidoreduktasy, za sou¢asného plisobeni askorbatu, glutathionu
a tokoferol cyklasy regenerovany na vychozi tokochromanolové molekuly (Mufioz & Munné-
Bosch 2019).

Ucasti na stabilizaci struktur thylakoidnich membran a na regulaci redoxniho stavu
v chloroplastech tokochromanoly zasadné pfispivaji k ochrané fotosystému ptred skodlivym
pusobenim singletového kysliku. Nékteré formy tokochromanolt se také mohou podilet na
fyziologickych procesech rostlin, jako je kliceni semen, kveteni, stdrnuti listi nebo reakce
na rizné abioticke stresové faktory. Tokoferoly hraji kli€ovou roli v regulaci peroxidace lipida
béhem kli¢eni a ranného ristu rostlin. Nedostatek tokoferolli muze také zpiisobit omezeni
transportu a distribuce sacharidl v rostlinach, jejichz nadmérna akumulace pak muze vést
k porucham rtstu a pfed¢asnému starnuti, ale také k podpoie tvorby anthokyant, které mohou
¢astetné kompenzovat nedostatek tokoferolti a chranit rostlinné tkané pred fotooxidaci (Falk

& Munné-Bosch 2010).

2.8. Vyznam karotenoidi a tokochromanolii pro ¢lovéka
Predpokladem manifestace fyziologického puisobeni karotenoidi a tokold v organismu je

jejich biologicka dostupnost, kterd je urcena Ucinnosti jejich absorpce z traviciho traktu do

krevniho ob&éhu (Bohn et al. 2015; Umbreen et al. 2021).
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2.8.1. Biologicka dostupnost a metabolismus karotenoidi

Z vice nez 750 riznych karotenoidid, které se vyskytuji v piirodé, je v lidské strave
obsazeno piiblizn¢ 60 druhti. Pouze 20 z nich bylo detekovano v plasmé a tkanich lidského téla,
kde nejvice zastoupené vétSinou byvaji o- a P-karoten, lykopen, lutein, zeaxanthin
a B-kryptoxanthin. Absorpce karotenoidu piijatych potravou za¢ina v zaludku jejich uvolnénim
Z potravni matrice a emulgaci do lipidovych kapének. Vstupem zaludecni emulze do
dvanactniku je stimulovana sekrece zlucovych kyselin, jejichz plisobenim jsou karotenoidy
spolu s hydrolyzovanymi lipidy inkorporovany (solubilizovany) do micel. Tento proces je
vyrazn¢ ovlivnén strukturou molekuly karotenoidu, ptficemz obecné plati, ze polarngjsi
xanthofyly, které jsou v lipidovych kapénkach lokalizovany blize povrchu nez karoteny,
prechazi do micel podstatné snadnéji. Diky lepsi rozpustnosti ve zlucovych kyselinach jsou
do micel pfednostné zabudovavany cis- oproti trans-isomerim karotenoidd. Vyznamnym
faktorem ovlivilujicim vstfebavani karotenoidl je také charakter potravni matrice. Z tekuté
nebo tepelné upravené stravy jsou tyto latky uvolnovany rychleji a diky tomu jsou efektivnéji
zabudovavany do micel. Absorpce karotenoidii mtize byt v zavislosti na jejich struktute také
vice ¢i méné ovlivnéna mnozstvim a sloZzenim v potravé obsazenych lipidi. Micelizace
lipofilnich karotenti je s vy$$im obsahem tukt ve stravé usnadnéna v daleko vétsi mife nez
Vv ptipadé polarngjsich xanthofylti (Bohn et al. 2021; Reboul 2019; Yonekura & Nagao 2007).

V podobé micel jsou karotenoidy bud’ pasivni difuzi, nebo prostfednictvim specifickych
transportnich systémt absorbovany do enterocytd. Jednim zklicovych pfenasect
karotenoidnich molekul je transmembranovy glykoprotein SR-BI (z anglického scavenger
receptor class B type 1), ktery se diky své nizké substratové specifité podileji na transportu fady
dalgich lipofilnich latek (Meléndez-Martinez et al. 2019; Reboul 2019; Umbreen et al. 2021).
Cast karotenoidii muiZze byt ze stfevnich bundk zpétné vyplavena do lumen, coZ je
pravdépodobné jednim z diivoda relativné omezené UcCinnosti absorpce téchto latek, kterd
ovliviiuje jejich biologickou dostupnost (Reboul 2019). V zavislosti na daném typu je do
krevniho ob&hu vstfebano 5-50 % z celkového mnozstvi potravou piijatych karotenoidii (Bohn
et al. 2021). Karotenoidy, které nebyly vstiebany pies enterocyty, mohou pisobit antioxida¢né
pfimo v travicim traktu a chranit tak stievni epitelové bunky pied poskozenim zpiisobenym
volnymi radikaly (Fardet et al. 2008).

V enterocytech je ptiblizné polovina karotenoidi S$tépena na apokarotenoidy a retinoidy
a polovina zlstava nezménéna. Karotenoidy 1 produkty jejich Sté€peni jsou ve formé esterti
zabudovany ve sttevnich buiikach do chylomikronti a v této podob¢ vstiebany ptes lymfaticky
systém do krve (Meléndez-Martinez et al. 2019; Reboul 2019). Chylomikronové ¢astice jsou
zkrve vychytavany v jatrech, kde mohou byt karotenoidy i produkty jejich Stépeni po
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hydrolytickém uvolnéni uskladnény, degradovany a vylouceny, nebo opétovné zabudovany
do lipoproteinovych struktur. Jako soucast lipoproteinti, a to ptedevsim LDL (z anglického low
density lipoprotein), jsou karotenoidy transportovany krevni plasmou k cilovym tkanim.
Do bunék tkani jsou potom pfijimany pomoci enzymatické degradace lipoproteinovou lipazou
(Umbreen et al. 2021) za ucasti riznych transportnich molekul jako napt. SR-BI, které jsou
nezbytné pro bunécnou distribuci téchto lipofilnich latek (Toews et el. 2017). V cilovych
tkanich, kde jsou ulozeny zejména v lipidovych slozkach membran nebo v tukovych kapénkéch
V cytosolu, karotenoidy zna¢né napomahaji ochrané pied oxidaénim poskozenim nebo mohou

byt vyuzity pro tvorbu retinoidti (Umbreen et al. 2021).

2.8.1.1.  Prekurzory vitaminu A

Na specialni struktury vitaminu A mohou byt pfeménény pouze karotenoidy S nenasycenym
uhlovodikovym fetézcem o minimalni délce 11 uhlikt, které obsahuji alesponi jeden
nesubstituovany B-iononovy kruh, nebot’ aktivita vitaminu A je spojena pravé s t€émito dvéma
je charakteristicky ptitomnosti B-iononového cyklu na obou koncich molekuly a teoreticky tak
muze byt rozstépen na dvé molekuly vitaminu A. Podle soucasnych ptedpokladii je pro tvorbu
1 ng retinolu potieba ptijmout z potravy 12 pg B-karotenu. Poloviéni provitaminovou aktivitu
oproti B-karotenu maji a- a y-karoten, protoze obsahuji -iononovy kruh pouze na jednom konci
molekuly, a také P-kryptoxanthin, u kterého je jeden ze dvou p-iononovych kruht
hydroxylovan (Zia-Ul-Haq 2021).

K pfeméné karotenoidnich prekurzorti vitaminu A dochdzi pfevdzné prostiednictvim
cytoplazmatického enzymu f, B-karoten 15, 15°-oxygenasy (BCO1), ktery katalyzuje jejich
centralni rozstépeni na retinaldehyd. K této pfeméné mize dochézet prakticky ve vSech tkanich
téla, pfevazné vSak v enterocytech, kde je BCOI1 vysoce koncentrovana. Vznikly retinal je
bezprostiedné poté retinol dehydrogenasou (RDH) reverzibilné redukovan na retinol
a esterifikovan vy$§imi mastnymi kyselinami. Estery retinolu i karotenoidy nevyuZité
k pfeméné¢ na vitamin A jsou spolu s ostatnimi potravnimi lipidy zaclenény do
chylomikronovych ¢astic a v této podobé¢ vstiebany pies lymfaticky systém do krevniho feciste
a transportovany k cilovym tkanim (Blaner 2020). Stievni absorpce a pfeména provitamind na
retinoidy podléha regulaci zpétnou vazbou, coz pii dostateéném mnozstvi provitaminovych
molekul zajistuje adekvatni tvorbu vitaminu A podle aktudlni potfeby organismu (von Lintig
2012).

V bézném modernim pouziti se termin vitamin A vztahuje souhrnné na retinol a jeho

biologicky aktivni metabolity, které vznikaji enzymatickou modifikaci funk¢nich skupin nebo
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geometrickou isomeraci polyenového fetézce této volné alkoholové formy. V lidském
organismu muze byt retinol oxidovan ¢innosti RDH na aldehydickou formu retinal a ten mtze
byt nasledné v ireversibilni reakci fizené retinal oxidasou pfeménén na retinovou kyselinu.
Vsechny tyto formy vitaminu A se v organismu vyskytuji pfevazné v konfiguraci all-trans,
a protoze jsou ve vysokych koncentracich toxickeé, jsou uskladiiovany v podobé retinolovych
esterti ve specializovanych zasobnich bunkach jater, ledvin, stiev a plic. Tyto estery spolu
S volnym retinolem tvoii zpravidla vice nez 95 % veskerého mnozstvi vitaminu A v lidském
téle. Nizké hladiny retinolu v krevni plazmé mohou byt dopliiovany jeho hydrolytickym
uvoliiovanim ze zasobnich esterovych forem a teprve az pii dlouhodobém deficitu v pfijmu
tohoto vitaminu dochazi k projeviim jeho nedostatku (Blaner 2020).

Vitamin A hraje dtlezitou roli v celé fad¢ fyziologickych procesi, véetné vidéni, imunitni
odpovédi, diferenciace a proliferace bunc€k, mezibunécné komunikace a reprodukce.
Molekularni G¢inky vitaminu A zahrnuji dva hlavni biochemické mechanismy, pro jejichz
zprostiedkovani jsou nezbytné jeho metabolity 11-cis-retinaldehyd a all-trans-retinova
kyselina. Retinova kyselina je ligandem jadernych receptort a pusobi jako velmi silny
transkripéni regulator fady genti kli¢ovych pro embryondlni vyvoj vSech obratlovc.
Aldehydicka forma vitaminu A je nepostradatelna pro spravnou funkci zraku a jeho tvorba
Vv organismu za¢ina isomeraci all-trans-retinolu na all-cis-retinol. Ten je nasledné oxidovan na
11-cis-retinal, ktery asociaci se specifickymi proteiny (opsiny) vytvati vizualni pigmenty
(rhodopsiny). Pohlcenim svétla dopadajiciho na o¢ni sitnici dochazi k rozstépeni rhodopsinu na
opsin a all-trans-retinal, ktery je pro udrzovani této cyklické reakce zcela nepostradatelny.
Ve vysSich koncentracich je retinal obsaZen pouze v o¢ni sitnici, v ostatnich tkéanich je
podporovana jeho zpétna pfeména na retinol, piipadné retinovou kyselinu (Blaner 2020; von

Lintig 2012).

2.8.2. Biologicka dostupnost a metabolismus tokochromanolia

Vzhledem  kpodobnym  fyzikalné-chemickym  vlastnostem je  metabolismus
tokochromanolll v gastrointestinalnim traktu analogicky k procesu, kterému podléhaji
karotenoidy i jiné lipofilni latky (Combs & McClung 2017). Pfitomnost lipidi v lumen stieva
a sekrece zluCovych kyselin zajistujicich tvorbu micel je nezbytnd pro absorpci
tokochromanolll do stievnich bunék, kterd je zprosttedkovana pomoci riznych transportnich
molekul, véetné nespecifického prenasece SR-BI. Z enterocytt jsou tokochromanoly v podobé
chylomikronti transportovany do jater, kde jsou hydrolyticky uvolnény do cytosolu jaternich
bunék. Volné tokochromanoly mohou byt v jatrech néasledné¢ odbourdvany piisobenim -

hydroxylaz a w-oxid4z na polarni molekuly odpovidajicich karboxyethylhydroxychromanold,
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které jsou kone¢nymi produkty jejich katabolismu, nebo dojde k jejich zabudovani do ¢astic
VLDL (z anglického very low density lipoprotein). K sekreci tokochromanolt z jater a jejich
inkorporaci do plazmatickych lipoproteinii dochazi prostfednictvim a-tokoferol transportniho
proteinu (o-TTP), ktery méa vSak k riznym formdm odliSnou afinitu v zavislosti na jejich
struktuie. Vazebna afinita a-TTP je urCena usporadanim fytylového postranniho fetézce,
pritomnosti hydroxylové skupiny a stupném methylace chromanolového kruhu, pfi¢emz
kli¢ova je methylova skupina v poloze C5. Uvedenym kritériim nejlépe odpovida a-tokoferol,
coz je diivodem jeho ptednostni distribuce pred ostatnimi formami, které maji k a-TTP relativné
niz§i afinitu (a-tokoferol, 100%; PB-tokoferol, 38%; rvy-tokoferol, 9%; o-tokoferol, 2%;
a-tokotrienol, 12%). Diky vazbé na a-TTP jsou molekuly chranéné pied hydroxylaci (Arai
& Kono 2021; Combs & McClung 2017; Schmolz et al. 2016).

V krevni plazmé se a-tokoferol i ostatni tokochromanoly vyskytuji také jako soucast LDL
a HDL (z anglického high density lipoprotein), mezi kterymi jednoduSe ptechdzi pomoci
transportniho proteinu PLTP (z anglického phospholipid transport protein). Prostfednictvim
PLTP za soucasného pusobeni lipoproteinovych lipdz dochazi také k pienosu a-tokoferolu
z lipoproteinovych c¢astic do cervenych krvinek, v nichz je obsazeno az 25 % jeho celkového
mnozstvi v krevni plazmé, a také do bun¢k centralniho nervového systému a tukové tkané, ktera
je hlavnim mistem depozice vitaminu E v lidském téle. Transport tokochromanoli do bun¢k
cilovych tkdni mtze probihat také prostou difuzi, nebo pomoci a-TTP ¢i jinych pfenaSeci, jako
je TAP (z anglického tocopherol associated protein), TBP (tocopherol binding protein) nebo
nespecificky SR-BI. (Combs & McClung 2017; Schmolz et al. 2016).

2.8.2.1. VitaminE

Za objevenim a naslednym roz$ifenim studia vitaminu E stoji vyzkum z pocatku 20. let 19.
stoleti Herberta M. Evanse a Katherine S. Bishopové, kteti v lipidové frakci rostlinného
materidlu identifikovali slozku nezbytnou pro normalni funkci reprodukéniho systému potkanti
a nazvali ji ,,faktor X (Evans & Bishop 1922). ,,Faktor X* oznaovany také jako ,,antisterilni
faktor* byl o dva roky pozdé;ji klasifikovan jako vitamin E (Sure 1924). V nasledujicich letech
byl vitamin E izolovan z oleje pSeni¢nych klickl a pojmenovan a-tokoferol (z feckého tokos =
narozeni ditéte, phérein = plodit a ol = alkohol), byla popsana jeho chemické struktura
a vyvinuta metoda syntézy této latky. Funkce vitaminu E byla pficitana vyhradné jeho
antioxidacni aktivité, a to az do roku 1988, kdy byl navrZen alternativni molekuldrni
mechanismus spocivajici v regulaci aktivity proteinkinasy C (Mahoney & Azzi 1988).
Schopnost inhibovat tento enzym je zakladnim principem ochranného plisobeni vitaminu E

proti rozvoji zanétu, riznym kardiovaskuldrnim komplikacim nebo proti agregaci krevnich
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desti¢ek. Vitamin E se dale mize podilet na regulaci genové exprese a udrzeni fyziologickych
funkci imunitniho systému, jako je napt. stimulace fagocytarni funkce, kterd je vyznamna pti
obran¢ organismu proti infekénim nemocim. Piivodné rozpoznany vliv vitaminu E na plodnost
potkanti nebyl u lidi potvrzen, namisto toho byly extrémné nizké hodnoty této latky v lidském
organismu spojeny s onemocnénim zvanym ataxie s izolovanym nedostatkem vitaminu E
(AVED), coz je vzacna porucha zptisobena mutacemi v genu kodujicim a-tokoferol transportni
protein (a-TTP), ktery je potiebny pro distribuci vitaminu E do perifernich tkani a jeho retenci.
Typickymi pfiznaky tohoto onemocnéni jsou zejména poruchy imunitni odpovédi organismu
a perifernich nervli projevujici se znecitlivénim, brnénim ¢i bolesti ¢asti koncetin, zhorSenim
koordinace pohybu a degenerativnimi zménami patefe. AVED je jediné znamé onemocnéni
zpusobené nedostatkem vitaminu E, jehoZz rozvoji lze zabranit suplementaci a-tokoferolu.
Schopnost prevence a 1é¢by AVED nebyla u ostatnich forem tokolti dosud prokazana, coz je
divodem, pro¢ tyto formy nemohou byt nazyvany jako vitamery ani jako formy vitaminu E

(Khadangi & Azzi 2019; Szewczyk et al. 2021).

2.8.3. Antioxida¢ni funkce

V energetickém metabolismu aerobnich organismi, pfi kterém je transport elektront
odebranych substratim Vv oxida¢né redukénich reakcich vyuzivan k syntéze energie ve formée
ATP, jsou kyslikové radikaly ptfirozenymi meziprodukty, nebot’ kyslik funguje jako findlni
akceptor elektront v respira¢nim fetézci (Gulcin 2020). Volné radikaly jsou obecné vysoce
reaktivni, nestabilni molekuly, v jejichz elektronovém obalu je nejméné jeden neparovy
elektron a které jsou schopny, alespon kratkodobé, samostatné existence (Platenik 2009). Ve
snaze dosahnout stability mohou pfedat, nebo odejmout elektron jiné molekule, ze které tak
vznikd novy volny radikal. Vyvolana fetézova reakce miiZze byt ukoncena pouze spolecnou
reakci dvou radikali. V biologickych systémech mohou volné radikély existovat v riiznych
formach, z nichz nejvétsi vyznam maji reaktivni formy kysliku (ROS; z anglického reactive
oxidativni poSkozeni (Murray et al. 2012). ROS, mezi které jsou fazeny i nékteré neradikalové
molekuly, jako je napf. O, mohou byt vorganismu vytvafeny v patologickych, ale
i fyziologickych procesech, nebot’ urcitd koncentrace téchto latek je nezbytna pro normalni
funkci bunéénych systémil. ROS jsou soucasti primarni imunitni obrany fagocytujicich bun¢k
proti cizorodym latkdm nebo mikroorganismiim a podileji se také na bun&cné signalizaci
(Gulcin 2020).

Hladina volnych radikald je v organismu regulovéna ¢innosti antioxidaénich enzymi, ale

také prostfednictvim neenzymatickych substratll s antioxidacnimi vlastnostmi. Pokud je vSak
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rovnovaha oxidacnich a antioxida¢nich Ciniteli v organismu narusena, mtize dojit k pietizeni
antioxida¢ni obrany a propagaci stavu ozna¢ovaného jako oxidac¢ni stres. Za téchto podminek
pak ROS i jiné volné radikaly mohou, na zéklad¢ své chemické reaktivity, zptisobit oxidacni
poskozeni bunéénych makromolekul, které je vyznamnym faktorem fyziologického procesu
starnuti a patogeneze vétSiny lidskych onemocnéni. Jednim z nejvice zkoumanych disledkt
pusobeni ROS je fetézova oxidace nenasycenych mastnych kyselin, ktera vede k tvorb¢ vysoce
reaktivnich peroxylovych radikal, jejichz pasobenim dochazi ke zméné struktury
I biologickych funkci napadenych molekul, jako napf. lipidd bunéénych membran (Murray
et al. 2012).

Vymezeni terminu ,,antioxidant prochazi v souladu s pokrokem védeckého vyzkumu
neustalym vyvojem. Piivodni chemicky pohled definujici antioxidant jako latku, kterd pokud je
pritomna v nizkych koncentracich ve srovnani s oxidovatelnym substratem, vyrazn¢ zpomaluje
nebo inhibuje oxidaci tohoto substratu (Halliwell 1990), byl v poslednich letech ptekonan
pojetim biologickym, podle kterého jsou antioxidanty latky, které mohou zabranit nebo
zpomalit oxidacni poskozeni bunék zptisobené fyziologickymi oxidanty s vyrazné pozitivnim
redukénim potencialem, jako jsou ROS a volné radikaly (Apak et al. 2016; Pérez-Galvez
et al. 2020).

2.8.3.1.  Antioxidacni piisobeni karotenoidii

Diky své struktufe zahrnujici fetézec konjugovanych dvojnych vazeb, ktery je jejich prvnim
interakénim centrem s ostatnimi molekulami, jsou karotenoidy vyznamnou soucasti
antioxida¢niho obranného systému organismu. Krom¢ jejich ochranného pulisobeni pied
fotooxida¢nim poskozenim (popsaného v kapitole 2.7.1.1. Fotoprotektivni funkce), mohou
fungovat jako antioxidanty v kazdém organismu bez ohledu na to, zda je schopen fotosyntézy.
Antioxida¢ni piisobeni karotenoidl zahrnuje riizné mechanismy, v zavislosti na povaze volného
radikélu a strukturnim uspotadani karotenoidu. Radikalim s vysokym redoxnim potencialem,
jako je napt. oxid dusicity (NO2"), odevzda karotenoidni molekula elektron, ¢imZ dochdzi ke
vzniku radikalového kationtu [Car]". Druhym zplsobem, kterym karotenoidy reaguji
s radikaly vznikajicimi napf. v procesu peroxidace lipidd, je adice radikdlu na molekulu
pigmentu za vzniku karotenoid-radikalovych aduktd [Car-RX]", pti které je neparovy elektron
ucinné delokalizovan v polyenové struktufe. Karotenoidy efektivné vychytavaji peroxylové
radikéaly zejména v prostiedi s nizkou koncentraci kysliku, jako je tomu ve vétSiné télesnych
tkani. Radikalové produkty potom v organismu podstupuji pozvolny molekularni rozklad za
vniku neradikalovych slouc¢enin. Radikalové kationty [Car]™" navic mohou byt regenerovany do

plivodniho stavu prostfednictvim jinych karotenoidnich molekul, ale i jinych antioxidantti, jako
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je o-tokoferol nebo askorbova kyselina. Antioxidani ptlisobeni karotenoidi v lidském
organismu ma zna¢ny vyznam piedevSim v bunéénych membranach, plazmatickych
lipoproteinech, tukové tkani a v lipofilnim prostfedi obecné (Pérez-Galvez et al. 2020). Jednim
z karotenoidli s velmi silnym antioxida¢nim potencidlem je lykopen, ktery je az dvakrat
ucinnéjsi oproti B-karotenu. Dale je zasadni fyziologicka funkce nékterych xanthofyld, zejména
luteinu a zeaxanthinu, které slouzi jako svételné filtry v kGzi aoc¢ni sitnici, kde jsou
koncentrovany ve Zluté skvrné, chrani zrakovy aparat pted poskozenim ultrafialovym zafenim

a snizuji riziko rozvoje degenerativnich onemocnéni (Grudzinski et al. 2017).

2.8.3.2.  Antioxidacni piisobeni tokochromanolu

Antioxidac¢ni vlastnosti tokochromanolli jsou dany ptedevSim schopnosti jejich
heterocyklického systému darovat fenolovy vodik volnym radikaliim, kterd je ovlivnéna
ptitomnosti methylovych skupin substituovanych na chromanolovy kruh v tésné blizkosti
hydroxylu. Neja¢innéj§imi donory vodiku jsou a-, nasledné¢ B- a y- a konec¢né o&-formy
tokochromanolti (Falk & Munné-Bosch 2010). Hlavni princip antioxida¢niho pusobeni
tokoferoll a tokotrienolti spociva v preruseni radikalové ftetézové reakce tzv. zhasenim
peroxylovych radikald, jejichz reakéni rychlost s tokoly je mnohondsobné vyssi nez
S nenasycenymi mastnymi kyselinami. Pfenosem vodikového protonu z fenolové skupiny
tokochromanolu na peroxylovy radikal dochazi k tvorbé hydroperoxidu a chromanoxylového
radikalu, ktery je diky delokalizaci neparového elektronu v benzenovém kruhu stabilnéj$i nez
puvodni peroxyl. Chromanoxylové radikaly, které¢ jsou v pripad¢ antioxida¢niho pulsobeni
a-tokoferolu oznacovany jako a-tokoferoxylové, mohou byt regenerovany prostifednictvim
askorbat-glutathionového cyklu, jehoz ¢innost je stimulovana nizkou hladinou a-tokoferolu.
Chromanoxylové radikaly mohou také reagovat s dal$i molekulou radikéalu peroxylového za
vzniku neradikalovych oxida¢nich produkti tokochromanold, nejéastéji chinonii nebo epoxidi,
¢imz dochazi k ukonceni radikalové fetézové reakce (Falk & Munné-Bosch 2010; Muiioz
& Munné-Bosch 2019).

Diky amfipatické molekularni struktufe se tokochromanoly vyznamné podileji na
stabilizaci biologickych membran, kde chrani lipidové slozky pied peroxidaci.
Tokochromanoly jsou v bunéénych membranach ukotveny prostiednictvim polyprenylového
fetézce, pficemz chromanolova ¢ast se nachdzi na rozhrani membrany a okolniho polarniho
prostiedi. Vzhledem k ptitomnosti nenasyceného postranniho fetézce jsou molekuly
tokotrienolt v bunéénych membranach efektivnéji distribuovany, coz je pravdépodobné
pti¢inou jejich prokazatelné lepsich stabiliza¢nich G¢inkd ve srovnani s tokoferoly (Atkinson

et al. 2008). Antioxida¢ni plisobeni je podpofeno schopnosti pohybu molekul tokochromanola
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VvV membranovych strukturach (tzv. flip-flop movement), diky které jsou hydroxylové skupiny
poskytujici vodikovy proton 1épe piistupné a predstavuji G¢inny prostiedek odstranovani
peroxylovych radikali (Mufioz & Munné-Bosch 2019). Pro dosazeni optimalniho t¢inku je
vsak nutné udrzet koncentraci téchto latek ve specifickych mezich, nebot’ jejich nadmérna
akumulace miize negativné ovlivnit membranovou fluiditu, kterd je dilezitd pro zachovani
funk¢énosti membran, napf. pro bunénou signalizaci (Falk & Munné-Bosch 2010).
Antioxida¢ni G¢inky tokochromanold jsou obzvlasté uc¢inné v prostiedi s vysokou koncentraci
kysliku, ¢imz mohou efektivné¢ dopliiovat pisobeni karotenoidit (Murray et al. 2012).
Vyznamné synergické antioxida¢ni €inky tokochromanola a karotenoidli, pozorované v rfadé
studii (Le Grandois et al. 2017; Shibasaki-Kitakawa et al. 2004; Schroeder et al. 2006; Wrona
et al. 2003; Zhang et al. 2014) Ize ptipisovat riznym mechanismim jejich spolecného plisobeni
(Liu et al. 2022).
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3. Cile a hypotézy prace

Cil 1.

Cil 2.

Cil 3.

Hypotéza 1.

Hypotéza 2.

Hypotéza 3.

Hypotéza 4.

Stanovit zastoupeni a obsah nutri¢n¢ vyznamnych latek ze skupiny karotenoidii,
tokochromanolt aj., v zrnu Sirokého spektra noveé vyslechténych genotypt
pSenice.

Stanovit zmény v obsahu karotenoidli a tokochromanoli vlivem rtznych
technologii potravinarského zpracovani a beéhem jejich jednotlivych krok.

Z béznych metod technologického zpracovani pSeni¢ného zrna vybrat optimalni
Z hlediska  zachovani co moznad nejvysSiho obsahu  karotenoidi
a tokochromanoli.

Zrmo barevnych genotypl psSenice obsahuje vice nutriné vyznamnych latek
(karotenoidli, tokochromanolli aj.) ve srovnani sodridami tradi¢né
pestovanymi.

Tokochromanoly se oproti karotenoidiim vyznacuji relativné vyssi stabilitou
Vv prubéhu technologického zpracovani pSenic¢nych zrn.

Technologické procesy zpracovani pSeni¢éného zrna maji negativni vliv na obsah
karotenoidi a tokochromanolt ve vyslednych produktech.

Vareni je z béznych metod zpracovani pSeni¢ného zrna nejsetrnéjsi k obsazenym
karotenoidiim a tokochromanolim.
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Abstract: The content of free, conjugated and bound phenolic acids in 12 wheat (Triticum aestivum L.) genotypes
of 4 different grain colours (standard red, yellow endosperm, purple pericarp and blue aleurone) from 2-year field
trial was analysed in the present study. Significant increase (8%) in the total phenolic acid content was observed in
the dryer year 2017. Five phenolic acids (ferulic, sinapic, p-coumaric, vanillic and 4-hydroxybenzoic) and cis-isomers
of ferulic and sinapic acid were determined by HPLC-DAD (high-performance liquid chromatography with a diode-
-array detector) in grain samples. The total phenolic acid content of coloured wheat groups varied: blue aleurone
> purple pericarp > yellow endosperm > red colour (798 > 702 > 693 > 599 ug/g). The fraction of bound phenolic
acids was the major contributor to the total phenolic acid content (91.7%) with ferulic acid predominating (85.2%).
Conjugated phenolic acids accounted for 7.9% of the total with sinapic and ferulic acid predominating (47.6% and
19.9%). The composition of individual phenolic acids was similar within these two fractions. The remaining 0.4%
was represented by the fraction of free phenolic acids in which the phenolic acid profile varied among the individual
coloured groups. Ferulic acid prevailed in red and yellow wheats, vanillic in blue and p-coumaric in purple wheats.

Keywords: cereal; phenolics; antioxidant; anthocyanins, dietary source

Cereal-based foods are an important source not
only of essential nutrients (saccharides, proteins)
but also of many other nutritionally valuable sub-
stances such as phenolic acids (PAs), carotenoids
and anthocyanins (Lachman et al. 2017).

The amount of PAs in different types of cereals is
highly variable. The highest content was found in
maize > barley > wheat > oat. PAs are predominantly
located in the aleurone layer of cereals, where they
account for 4 309 pg/g on average (av.), while in the
endosperm they are significantly scarcer (122 pg/g
on av.). PAs in the wheat kernel are present in three
different forms: soluble free, soluble conjugated and
insoluble bound PAs. Free PAs (FPAs) usually have

avery small share (0.4—1%) in the total phenolic acid
content (TPA) of wheat grains (Martini et al. 2015).
Conjugated PAs (CPAs) are esterified to sugars or
other low molecular weight components e.g. maleic,
quinic or tartaric acid. This fraction represents ap-
proximately 13-22% of TPA. Bound PAs (BPAs) are
covalently linked to polysaccharides, lignin or other
structural components of plant cell walls (Li et al.
2008) and were recognized as the most abundant
PAs in cereal kernels, accounting for over 70% of
TPA (Fernandez-Orozco et al. 2010).

Throughout their development, plants naturally
synthesize PAs in response to various stress factors
such as: UV light exposure, insect bite, attack of virus

Supported by the Ministry of Agriculture of the Czech Republic, Project No. QK1910343, and by the Czech University
of Life Sciences Prague, CIGA No. 20182004 and SGS SV 18-02-21120.
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or bacteria (Acosta-Estrada et al. 2014, Martini et al.
2015). In the human body, they act as strong antioxi-
dants and their appropriate consumption is linked to
prevention of many chronical diseases such as diabetes,
cardiovascular diseases or cancer (Verma et al. 2008).

The aim of this study is therefore: (1) to determine
the TPA and the distribution of PAs among the in-
dividual fractions (FPAs, CPAs, BPAs) in selected
genotypes and groups of genotypes according to
grain colour, and (2) to determine profiles of indi-
vidual PAs in groups of wheat with different kernel
colour: purple pericarp (Pp), blue aleurone (Ba),
yellow endosperm (Ye) and standard red.

MATERIAL AND METHODS

Plant material. In total, 12 wheat genotypes (2 red,
2 Ye, 4 Pp, 4 Ba) were harvested in 2016 and 2017 from
the precise field trials at the Agricultural Research
Institute (Agrotest Fyto, Ltd.) in Kroméfiz, Czech
Republic (Table 1). Experimental field parameters:
GPS location 49.2851172N; 17.3646269E; 235 m a.s.l.;
luvic chernozem/loamic soils; long-term annual av.
temperature of 9.2 °C and av. precipitations of 576 mm;
mean temperature in the vegetation period 2015/16
was 9.8 °C and 8.9 °C in 2016/17; sum of precipita-
tion was 536 mm in 2015/16 and 426 mm in 2016/17.
Cultivars were grown on small experimental plots
(10 m?) using conventional growing technology.

https://doi.org/10.17221/380/2019-PSE

The forecrop was winter rape; fertilisation 3 times
with LAV 27 (NH,NO, and finely ground limestone)
100 kg/ha (27 kg total N/ha); morphoregulator Spatial
Plus with active ingredients (AI) chlormequat chlo-
ride and ethephon, 1.5 L/ha once; herbicides Cougar
Forte (AI diflufenican and flufenacet) 0.54 L/ha;
Glean XP (AI chlorsulfuron) 6 g/ha; Nurelle D (Al
chlorpyrifos and cypermethrin) 0.6 L/ha once and
fungicides Topsin (Al thiophanate-methyl) 0.7 L/ha
and Impulse (Al spiroxamine) 0.6 L/ha twice. After
harvest, samples were stored in paper bags in the
dark at 20 °C for 2 months before being analysed.
Chemicals. Trans-ferulic acid (FeA, 98%), trans-
sinapic acid (SiA, = 98%), trans-p-coumaric acid
(p-CoA, = 98%), vanillic acid (VaA, = 97%), 4-hy-
droxybenzoic acid (4-HBA, 99%) and acetic acid (ACS
reagent, > 99.7%) were obtained from Sigma Aldrich,
Germany. Acetonitrile (HPLC grade), methanol (GR
grade), ethyl acetate (GR grade) and NaOH (GR
grade) were purchased from Lachner s.r.o., Czech
Republic. HPLC grade water was prepared using the
Simplicity UV (Merck Millipore, Germany).
Sample preparation. Wheat grain samples were
ground in an IKA analytical mill (Janke & Kunkel
Co., Germany). For extraction and chromatographic
separation, a method published by Martini et al.
(2015) was used, with some modifications.
Isolation and analysis of FPAs. 1 g of a finely
ground sample was placed into a plastic falcon tube

Table 1. Description of wheat (Triticum aestivum L.) genotypes

Growth Country Cultivar Grain

Cultivar typeb  of origin® status¢ colour Pedigree Gene symbol
Bohemia W CzZ RC Red  (540i-92 x 6192a-92) x (540i-92 x Kontrast) R genes (R1-R3)
Annie W CZ RC Red Meritto x CH11.12772 x Eurofit R genes (R1-R3)
Citrus W DE RC Ye (Sunnan x Monopol) x Stamm GI 912 Psyl; Psy2
Bona Vita A\ SK RC Ye (SO-690 x Arida) x Arida Psyl; Psy2
AF Jumiko W CZ RC Pp ANK-28A x Meritto Ppl; Pp2

PS Karkulka W SK RC Pp ANK-28A x PS 11 Ppl; Pp2
Konini S NZ RC Pp (Kop(aFrZriuPnzr;l}e\flnlggr:dorf) Pp genes
Purple S CD RG Pp unknown Ppl; Pp3 (Pp3a)
V1131-15 W CzZ BL Ba+ Ye (RU-440 x V1-702) x (Citrus x Bona Dea) Ba2; + ?
Skorpion W CZ RC Ba line B5 x Versailles Ba2

UC 66049 S uUsS GR Ba HS 152-2 x Sonora 64 Bal

TBS? S AT RG Ba from the heritage of Erich von Tschermak Ba2

aTschermaks Blaukorniger Sommerweizen; PW — winter, S — spring; °CZ — Czech Republic, DE — Germany, SK — Slovakia,
NZ — New Zealand, CD - Canada, US — United States of America, AT — Austria; 4RC — released cultivar, RG — research

germplasm, BL — breeding line, GR — genetic resource
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with 10 mL of methanol/water (80:20; v/v). The sam-
ple was subsequently vortexed for 30 s, sonicated for
10 min in an ultrasonic bath and finally centrifuged
at 3214 rcf for 10 min. Supernatant was transferred
into 25 mL volumetric flask and the sediment was
re-extracted with 10 mL of the extraction solution.
Both supernatants were combined and the volume
was adjusted to 25 mL. The obtained extract was
used for FPAs and CPAs analysis. For FPAs analysis
the extract was directly filtered through a syringe
filter (PVDE, 0.45 pm) into an amber HPLC vial.

Isolation and analysis of CPAs. 10 mL of the
methanol/water (80:20; v/v) extract from the previ-
ous step was mixed with 10 mL of NaOH (2 mol/L)
and the obtained mixture was shaken for 1 h at
20 °C in the dark. Afterwards, 5 mL of HCI (4 mol/L)
was added to adjust the pH value to 1-2. 2 mL of
hydrolysate was transferred into glass vial and 2 mL
of ethyl acetate was added. The mixture was shaken
for 15 min and then centrifuged for 2 min at 2 057 rcf
for separation of an aqueous and organic phase.
Organic phase was transferred to another glass vial
and the aqueous residuum was re-extracted with
2 mL of ethyl acetate. Combined organic phases
were evaporated to dryness under nitrogen (40 °C),
reconstituted with 1 mL of 80% methanol and fil-
tered through a syringe filter (PVDF; 0.45 pm) into
an amber HPLC vial.

Isolation and analysis of BPAs. The solid re-
siduum after FPAs and CPAs extraction was dried
to a constant weight. 14 mL of NaOH (2 mol/L)
was added into a plastic falcon tube with 0.25 g of
dry material. The samples were vortexed for 30 s
and sonicated for 10 min. The mixture was shaken
for 1 h at 20 °C. Afterwards, 7 mL of HCI (4 mol/L)
was added to adjust the pH value to 1-2, followed
by centrifugation (3 214 rcf; 4 °C; 15 min). 2 mL of
supernatant was extracted twice using 2 mL of ethyl
acetate. Further steps were identical with the CPA
sample preparation.

HPLC-DAD analysis. The analyses were performed
by an Ultimate 3000 HPLC system (Thermo Fisher
Scientific, USA) coupled with a diode array detector.
The analytes were separated using the gradient elu-
tion on an Omnispher C18 column (250 x 4.6 mm;
particle size 5 pm; Agilent, Inc., USA). The operat-
ing conditions were: flow rate 0.8 mL/min; column
temperature 25 °C; autosampler temperature 10 °C;
injection volume 10 pL; detection wavelengths \| =
280 nm and A, = 325 nm. The mobile phase A: water +
0.1% acetic acid, mobile phase B: acetonitrile + 0.1%

acetic acid. The multi-step gradient (in terms of
eluent B): at time 0—5 min, 10%; at 7 min, 20%; at
25 min, 30%; at 28—30 min, 75%; at 32—36 min, 10%.

Identification and quantification. The analytes
were identified based on the retention time and UV-
Vis absorption spectra. The peak area and external
calibration (8 different levels spanning 0.02—-20 pg/mL
per analyte) were used for trans-forms of PAs (¢-PAs)
quantitation. Detection limits (LOD) of FeA, p-CoA,
SiA, 4-HBA, VaA (0.025; 0.02; 0.02; 0.05; 0.05 pg/mL,
respectively) were calculated using the formula
3.3 x (0/S), where S is the mean of the slopes and ¢
is the standard deviation of the intercepts obtained
from five (three-point) calibration curves around
the limit of detection (Q2B CH, 1996).

Standards for quantification of cis-forms of PAs
(c-PAs) were prepared from the corresponding ¢-PAs
solutions. 4 mL of methanolic stock solution (20 g/mL)
of each ¢-PA was placed into glass vial and exposed
to UV radiation (A = 365 nm). Approximately 56%
of t-PAs was isomerised to ¢-PAs after 30 min of
exposure to UV light. The exact concentration of
each ¢-PA standard solution was calculated based
on a decrease in the chromatographic peak areas of
corresponding ¢t-PAs. The alternative six-point cali-
bration curves for cis-ferulic (c-FeA) and cis-sinapic
acid (¢-SiA) were constructed from the obtained
solution of ¢-PAs in the range 0.05-10 pg/mL.

All analyses were performed in triplicates, and
the concentrations of individual PAs and TPA were
expressed in pg/g DW (dry weight) of sample.

Statistical analysis. Data were processed employing
Chromeleon (Thermo Fisher Scientific, Inc., USA)
and Excel (Microsoft, USA). Statistical evaluation was
performed in the Statistica software using a simple
sorting method at a significance level of a = 0.05.
The Tukey’s test was used for detailed evaluation.

RESULTS AND DISCUSSION

Cereal grains were analysed for their PA contents
and profiles. 5 PAs were detected across the inves-
tigated wheat samples (Figure 1). The PAs identified
were: FeA, SiA, p-CoA, VaA and 4-HBA, and also
c-FeA and c-SiA.

TPA. TPA was established as the sum of the indi-
vidual fractions (FPAs, CPAs and BPAs) and ranged
from 567 to 868 pg/g. The av. TPA for all analysed
genotypes was 715 pg/g (Table 2). The wheats with
blue aleurone showed exceptionally high TPA:
cv. Skorpion had the highest TPA (868 pg/g), along
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Figure 1. Chromatogram of phenolic acids in blue aleurone (Ba) wheat breeding line V1 131-15 (RU-440 x V1-702) x
(Citrus x Bona Dea), 2016, (HPLC-DAD; X = 280 nm); BPAs — bound phenolic acids; CPAs — conjugated phenolic
acids; FPAs — free phenolic acids; 4-HBA — 4-hydroxybenzoic acid; VaA — vanillic acid; p-CoA - trans-p-coumaric

acid; SiA — trans-sinapic acid; FeA — trans-ferulic acid; ¢-FeA — cis-ferulic; ¢-SiA — cis-sinapic acid

with cv. TBS and V1 131-15 (852; 837 pg/g, respec-
tively); the only exception was cv. UC 66049 with the
third lowest TPA (637 pg/g). On the contrary, the lowest
TPA was found in cultivars with standard red colour:
Annie and Bohemia (567; 632 pg/g, respectively).

The TPA found in red wheats is nearly 10% higher
compared to the results of Zuchowski et al. (2011)
who measured 547 pg/g. Other authors (Li et al. 2008,
Guo and Beta 2013) reported higher values (654;
676 ug/g). Red wheats analysed by Fernandez-Orozco

Table 2. Free phenolic acids (FPAs), conjugated phenolic acids (CPAs), bound phenolic acids (BPAs) and total
phenolic acid content (TPA) (av. contents + standard deviation and the contribution of individual phenolic acid
(PA) fractions to TPA)

FPAs CPAs BPAs TPA FPAs CPAs BPAs
Cultivar
(ng/g DW) (% of total)

Bohemia 0.95 + 0.03"  71.1 +0.42> 560 + 36.0¢f 632+ 36.3¢ 0.2 11.3 88.6
Annie 0.63 + 0.09" 437 +1.20f 522 +16.2f 567 + 14.9f 0.1 7.7 92.2
Citrus 2.51 +0.16¢f 59.8 +1.899 673 +52.8> 735+ 52.4b 0.3 8.1 91.5
Bona Vita 2.26 + 0.19% 64.5 + 3.61° 584 + 30.79¢ 650 + 27.3d¢ 0.3 9.9 89.7
AF Jumiko 3.05 £ 0.209¢ 55.6 + 1.98° 663 + 6.28P 722 + 7.70b¢ 0.4 7.7 91.9
PS Karkulka  1.79 + 0.258 42.7 + 2.408" 627 + 17.4>¢d 671 + 19.5¢de 0.3 6.4 93.4
Konini 1.11 + 0.04"  53.4 +4.75¢ 642 + 33.1P¢ 697 + 28.3Pcd 0.2 7.7 92.2
Purple 0.63 + 0.12h  56.8 + 1.569%¢ 660 +9.16> 717 + 10.5P¢ 0.1 7.9 92.0
V1131-15 3.33 +0.11¢d 67.9 + 1.85>¢ 766 + 47.7° 837 + 46.1° 0.4 8.1 91.5
Skorpion 5.60 + 0.69° 44,7 +0.19f 817 +27.5° 868 + 27.1° 0.6 5.2 94.2
UC 66049 3.72 £ 0.16° 38.3 + 1.09" 595 + 54.6%d¢ 637 + 55.4¢ 0.6 6.0 93.4
TBS 6.59 £ 1.05 78.7 + 1.49% 766 + 26.1> 852 + 27.32 0.8 9.2 90.0
Mean 268+191 56.4+12.6 656 +89.3 715+ 94.7 0.4 7.9 91.7

TBS - Tschermaks Blaukoérniger Sommerweizen; DW — dry weight; Different letters above the columns indicate signifi-

cant difference between the analysed wheat varieties at P < 0.05
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Figure 2. Comparison of total free phenolic acids (FPAs), conjugated phenolic acids (CPAs), bound phenolic acids

(BPAs) and total phenolic acid (TPA) among coloured-grain wheat groups; red — standard red; Ye — yellow endosperm;

Pp — purple pericarp; Ba — blue aleurone; DW — dry weight. *><Different letters above the columns indicate significant

difference between the four coloured-grain wheat groups at P < 0.05

etal. (2010) attained significantly higher values (20—
50%), as their TPA ranged from 728 to 900 pg/g.

Among the groups of wheats according to the grain
colour, the highest TPA was determined in wheats
with Ba (798 pg/g). Lower TPA was measured in
genotypes with Pp and Ye (701; 692 pg/g). Standard
red wheats showed the lowest TPA of all investigated
genotypes (599 ug/g) (Figure 2D). Contrary to our
results, Li et al. (2005) found higher values of PAs in
Pp compared to Ba wheats (929 vs. 706 equivalent
of FeA).

Coloured-grain wheats are able to synthesize
and store anthocyanins in the outer layers of grain
(Lachman et al. 2017). Their biosynthesis derives
from the phenylpropanoid pathway, the common
means of synthesis of a wide range of natural phyto-
chemicals like PAs, flavonoids and others (Robbins
2003). Therefore, it is assumed that high concen-
tration of anthocyanins and PAs in coloured wheat
grains could be the result of increased activity of the
phenylpropanoid biosynthetic pathway.

Studies by other authors confirm an increased PA
content in coloured wheat cultivars. Ma et al. (2016)
reported 20% higher TPA in Pp wheats (1 008 pg/g)
compared to the conventional wheats analysed in
their study. Besides, it is 30% more in comparison
with the results of Pp wheats measured in the pre-
sent study. On the other hand, Guo and Beta’s (2013)

study provides slightly lower values of the TPA in
Pp wheats (689 pg/g).

Other results that indicate a higher TPA in col-
oured wheats are not directly comparable to our
values because they come from analyses of individual
parts of the grain: bran (Li et al. 2005), pericarp,
aleurone and endosperm (Ndolo et al. 2013), or
the values of PAs are expressed as a FeA equivalent
(Li et al. 2005). Ndolo et al. (2013) determined the
TPA in the Pp wheats pericarp to be 20% higher in
comparison to unpigmented wheat kernels (3 815 vs.
3 194 pg/g). In compliance with the results of Li
et al. (2005), coloured wheat groups may be clas-
sified according to the TPA in bran in descending
order as follows: Pp > Ba > black > white wheats
(3084 > 2842 > 2 824 > 1984 pg/g, respectively).
As the consumers’ demand for wholegrain bakery
products has grown significantly in recent years, it is
important to identify the content of PAs not only in
bran but in the entire grain, which is why our study
analysed wholegrain flour.

A significant impact of the crop year (weather
conditions) on the TPA was found. The TPA was 8%
higher in the drier year 2017, which is in accordance
with the results of Zrckova et al. (2019) who reported
a 14% increase of the TPA due to the drought.

Total PA profile. The individual groups of col-
oured-grain wheats differed significantly in their
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Figure 3. Phenolic acid profiles of individual coloured-grain wheat groups (the last line pie charts express av. free
phenolic acids (FPAs), conjugated phenolic acids (CPAs), bound phenolic acids (BPAs) and total phenolic acid (TPA)
of all analysed wheat samples). red — standard red; Ye — yellow endosperm; Pp — purple pericarp; Ba — blue aleurone
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TPA, but the share of individual PAs in TPA was
very similar across all groups (Figure 3D). FeA was
predominant among all PAs (79.8%), followed by
c-FeA and SiA (7.5%; 6.4%). The results of various
studies on PAs in wheat grains are consistent about
the dominant presence of FeA (Zuchowski et al.
2011, Brandolini et al. 2013, Ndolo and Beta 2014).
Other identified PAs, p-CoA, VaA, ¢-SiA and 4-HBA,
formed only a minimal percentage (2.6, 2.4, 0.7, 0.6%)
of TPA. A similar profile but without the distinc-
tion of c-FeA/FeA and c-SiA/SiA was also found by
Zuchowski et al. (2011). The dominant FeA (87.1%)
was accompanied by SiA, p-CoA, VaA and 4-HBA
(5.7, 2.9, 2.4, 1.9%).

Individual PA fractions. Three different fractions
of PAs (FPAs, CPAs, BPAs) had a share on the TPA
in wheat grains. BPAs represented the majority of
the TPA (91.7%); the share of CPAs was consider-
ably lower (7.9%) and FPAs constituted a fairly small
proportion of the TPA (0.4%). The contents of the
individual PA fractions measured in the analysed
wheat genotypes, with their percentage of the TPA
are shown in Table 2. Our results (BPAs, CPAs, FPAs)
correspond to the values reported by Martini et al.
(2015) (86.1, 13.5, 0.4%, respectively). Slightly higher
share of CPAs is reported by Li et al. (2008) (77, 22,
1%, respectively).

The largest amounts of FPAs were found in Ba
wheats (4.81 pg/g), less in Ye and Pp wheats (2.39,
1.65 pg/g, respectively). Red wheat grains contained
the lowest amount of FPAs (0.79 pg/g) (Figure 2A).

No statistically significant differences were found
in the CPA content among the coloured-grain wheat
groups: Ye, Ba, red, Pp (62.1, 57.4, 57.4, 52.1 ug/g,
respectively; Figure 2B).

The individual groups of coloured-grain wheats
differed significantly in BPA content. Listed in de-
scending order of the measured values: Ba > Pp >
Ye > red (736 > 648 > 628 > 541 ug/g, respectively;
Figure 2C).

FPA profile. Four different PAs were identified in
the FPA fraction. Listed in descending order accord-
ing to their average value: p-CoA, FeA, VaA and SiA
(42.2,26.9, 26.0, 4.9%, respectively; Figure 3A). Free
FeA prevailed in red (59.9%) and Ye wheats (43.0%).
p-CoA (42.2%) formed the major proportion in the
Pp grain, and VaA was predominant in Ba wheats
(66.4%). However, the FPA spectrum across the in-
dividual genotypes showed considerable variability.
Martini et al. (2015) reported that the most frequently
occurring FPAs in durum wheat were VaA and FeA

(34.1, 34.0%, respectively), accompanied by SiA,
4-HBA and p-CoA (15.9, 9.2, 6.8%, respectively). Li
et al. (2008) found a similar share of FeA (31.7%) in
non-coloured wheat.

CPA profile. The CPA profile is depicted in Figure 3B.
Almost half (47.6%) of the total CPA content consisted
of SiA. Highly represented was also FeA (19.9%),
followed by ¢-SiA, 4-HBA, VaA and c-FeA, which
were present in very similar quantities (8.9, 7.8, 7.4,
7.3%, respectively). Only a tiny share of the CPAs was
represented by p-CoA (1.1%). Martini et al. (2015)
published similar results for durum wheat, SiA, FeA
and VaA represented 64.2, 20.9 and 7.6%, respectively,
followed by 4-HBA, syringic and p-CoA (3.5, 2.1,
1.6%, respectively). Findings by Fernandez-Orozco
etal. (2010) also confirmed the dominant position of
SiA and FeA averaging 47.6% and 20.7% of the total
CPA content, respectively. The data measured by Li
et al. (2008) differed significantly both in terms of
the species and in terms of the representation of the
identified PAs. They reported that the most prominent
CPA was 2,4-dihydroxybenzoic acid (33.7%), followed
by SiA (23.7%) and FeA (18.1%). Substantially less
represented were VaA, syringaldehyde and 4-HBA
(8.8, 6.9, 3.7%, respectively).

BPA profile. The BPA profile of all studied coloured-
grain wheat groups was very similar (Figure 3C).
FeA, representing 85.2% on av., prevailed in this
fraction. Zhang et al. (2012) found a slightly lower
share of FeA (70.7%). On the contrary, higher per-
centage of FeA (89.7%) was reported by Martini et
al. (2015) and 94.9% by Brandolini et al. (2013) who
further disclosed p-CoA (3.3%) and other acids (4-
HBA, VaA, syringic), all representing less than 1%
of the total BPA content. According to our results,
FeA in the BPA fraction was accompanied by ¢-FeA
(7.6%). Other acids were present in substantially lower
amounts: SiA, p-CoA, VaA (2.8, 2.6, 1.8%, respec-
tively). Martini et al. (2015) found a relatively similar
representation of these three acids (7.2, 2.2, 0.7%).
Zhang et al. (2012) identified also caffeic (11.3%) and
chlorogenic acid (3.8%) in the BPA fraction.

In conclusion, less traditional, pigmented cereal grains
including purple- and blue-grained wheat cultivars are
now being investigated primarily for anthocyanins and
are presumed to provide health benefits. It is apparent
from our results that Ba wheats contain relatively large
amounts of phenolic acids as compared to other groups
of coloured-grain wheats. The newly-bred cultivar V1
131-15 is worth special attention because its aleurone
layer contains a lot of anthocyanins and phenolic acids,
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and an unusually high concentration of carotenoids (as
previously published by Paznocht et al. 2018) can be
found in the endosperm. Wheats with blue aleurone
and purple pericarp are, according to our results, a po-
tentially significant dietary source of these nutritionally
valuable substances and could be a suitable alternative
to traditionally used cultivars in future.
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Wheat is a relevant source not only of essential macronutrients but also of many other health-promoting phy-
tochemicals (carotenoids, anthocyanins, tocols, phenolic acids, etc.). Colored-grain wheats were used for ex-
trusion and kernel puffing. The total content of carotenoids (sum of lutein, zeaxanthin, antheraxanthin, a- and f-
carotene, and xanthophyll esters) decreased significantly due to extrusion (to 25.7%) and puffing (to 31.6%),
compared to the content in the raw material. Zeaxanthin was shown to be the most stable among all detected

carotenoids (30.8 and 48.7% was preserved). The results of the performed analyses have not confirmed greater

Keywords:
Carotenoid esters
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Human nutrition
Lutein
Xanthophylls

stability of xanthophyll esters against higher temperatures (decrease to 29.5 and 22.1%). Both technologies
induced E-to Z-isomerization of all-E-lutein and puffing also of all-E-zeaxanthin. Higher concentrations of 13-Z-
and 9-Z-zeaxanthin were identified in puffed grains (2 X and 37 X on average). To preserve more carotenoids, it
is appropriate to look for a more suitable food processing technology.

1. Introduction

Wheat is a major contributor to global food security. Worldwide
production in the 2018/2019 season achieved more than 731 million
tons, and about two thirds of this amount was used for human con-
sumption (Statista, 2020). This is consistent with an average global
consumption of around 66 kg/capita/year (FAO, 2018). In addition to
the classic red wheats, which are mostly used in the food industry, so-
called colored-grain wheats have also been the subject of various
breeding programs in recent years. Compared to traditional wheat,
these varieties are characterized by a higher content of carotenoids in
the endosperm of the grain (yellow endosperm, Ye), and some of them
have gained a completely new ability to synthesize and store antho-
cyanin pigments in the outer layers of wheat kernels, e.g. in pericarp
(purple pericarp, Pp), aleurone layer (blue aleurone, Ba) or both (so-
called black grain, Pp + Ba) (Lachman, Martinek, Kotikovd, Orsdk, &
Sulc, 2017). A breeding line combining Ye and Ba wheats which was
temporarily designated as V1131-15 is also known (Paznocht,
Kotikova, BureSova, Lachman, & Martinek, 2020).

Anthocyanins and carotenoids act as strong antioxidants in the
human body (Lachman et al., 2017) and additionally, carotenoids serve
as precursors for vitamin A synthesis and/or are essential for the normal
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E-mail address: buresovab@af.czu.cz (B. BureSova).
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function of the eye’s retina (Kotikova, Sule, Lachman, Pivec, Orsak, &
Hamouz, 2016). Lutein and zeaxanthin are predominant in wheat
grains, followed by a- and B-carotene and antheraxanthin. Some wheat
cultivars are also able to synthesize xanthophyll esters such as lutein or
zeaxanthin mono- and diesters (Paznocht et al., 2018; Mattera,
Hornero-Méndez, & Atienza, 2017). Esterification of xanthophylls en-
ables the accumulation of larger amounts of these pigments in grain
(Atienza, Ballesteros, Martin, & Hornero-Méndez, 2007), and according
to the findings of some authors, it improves carotenoid resistance to
high temperatures even during food processing (Ahmad, Asenstorfer,
Soriano, & Mares, 2013; Mattera et al., 2017).

The consumption of wheat (cereals), unlike other sources of car-
otenoids (such as fruits or vegetables that can be eaten raw), is condi-
tioned by the use of a certain culinary treatment, to improve sensory or
nutritional quality (digestibility of starch, etc.). However, in terms of
micronutrients (carotenoids, anthocyanins, tocols, etc.), these technol-
ogies pose a significant risk of degradation, as they involve different
levels of thermal processing and direct exposure to atmospheric oxygen
or oxidative enzymes, which are activated by increasing the water
content of the material (Leenhardt et al., 2006). During processing,
there is not only direct but also indirect oxidative degradation of car-
otenoids occurring. The indirect degradation is induced by the
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oxidation of unsaturated fatty acids which is caused by the action of
naturally occurring enzymes (e.g. lipoxygenases), and the accrued ra-
dicals (the reaction intermediates) are then responsible for carotenoid
oxidative degradation (Hidalgo, Brandolini, & Pompei, 2010; Fratianni,
Di Crisco, Mignogna, & Panfili, 2012). Even this indirect effect should
be taken into account when assessing the potential health benefits of
cereal-based products. In order to enrich the assortment of cereal-based
foods of high nutritional quality, it is necessary to find such a techno-
logical processing method which would both affect the final content of
micronutrients to a minimal extent and achieve the required sensory
quality of the product.

Extrusion is widely used for the processing of starchy materials
(potato, corn, or wheat flour) in the production of snack foods or using
low temperatures (around 50 °C) for the production of pasta
(Waramboi, Gidley, & Sopade, 2013; Hidalgo, Scuppa, & Brandolini,
2016; Cueto, Farroni, Schoenlechner, Schleining, & Buera, 2017).
Puffing is used to treat whole grains of rice, rye, barley, wheat
(Cattaneo, Hidalgo, Masotti, Stuknyte, Brandolini, & De Novi, 2015;
Hidalgo et al., 2016) and other cereals like millet or amaranth (Pitat,
Ogrodowska, & Zadernowski, 2016).

Most of the studies are interested in the impact of these methods on
protein and starch structure and/or digestibility, but to the best of our
knowledge there is little information about the degree of degradation of
carotenoids due to the extrusion and puffing of wheat kernels, espe-
cially of colored-grain wheats. Therefore, the objective of this study was
(1) to clarify the influence of the mentioned food industry technologies
(extrusion and puffing) with regard to carotenoid degradation, and (2)
to compare them to one another. The acquired knowledge will be used
to find the most favorable technological processing method, which
would maximize the utilization of the nutritional potential of colored-
grain cereals. It is presupposed that wheat puffing and extrusion are
more carotenoid-sparing technologies, compared to baking, and that
esterified carotenoids are more resistant to high temperatures than the
free forms.

2. Material and methods
2.1. Plant material

A total of ten colored-grain wheat varieties and breeding materials
were grown in 2016/2017 at the Agricultural Research Institute in
Krométiz, Czech Republic (49.2851172N, 17.3646269E). The experi-
mental field is located 235 m above sea level, has Luvic Chernozem
(Loamic) soil, an average annual temperature 9.2 °C, mild winters, and
annual precipitation averaging 576 mm. The plants were grown on
experimental plots (10 m?) using conventional growing technology. All
technology processing operations and consequent analyses were per-
formed within 10 months after the harvest. The main characteristics of
the selected wheat genotypes are listed in Table 1.

Table 1
Description of bread wheat (Triticum aestivum L.) genotypes.

Food Chemistry 340 (2021) 127951

2.2. Technologies used

Twenty kg of the grain of each analyzed genotype was processed by
both of the performed technologies (extrusion and puffing). Five hun-
dred g of processed products (extruded products and puffed grains) was
collected, cooled to ambient temperature, and stored for a short time in
silver-coated polyethylene bags in a freezer (—18 °C) for further ana-
lysis. The collected 500 g was homogenized and subsequently, 2 g was
weighed and used for the analysis.

2.2.1. Extrusion

Extrusion was provided by a local Czech company. In brief: the
grain was ground on a hammer mill (VM 4, Taurus, s.r.o., Chrudim,
Czechia) to a particle size below 2 mm (< 10 mesh). The humidity of
the scrap was adjusted to 20% and the scrap, thus treated, was extruded
on the extruder (30-C-640-DC, Schaaf Technologie GmbH, Bad
Camberg, Germany) after a short rest (10 min). The extrusion process
parameters were as follows: screw speed 200 rpm, temperature profile
was set to 130 °C for all three zones, die diameter 6 mm.

2.2.2. Puffing

Puffing was provided by a local Czech company. In brief: the grain
was moistened to 17.5% and left to stand for 24 h at room temperature.
Puffing was performed at 270-280 °C for 6 s.

2.3. Sample preparation and chromatographic analysis of carotenoids

Determination of dry weight (DW), sample extraction, and chro-
matographic separation, as well as identification and quantification of
carotenoids, were described in detail in a previous study by Paznocht,
Kotikova, Orsak, Lachman, and Martinek (2019). The exact con-
centration of carotenoid stock solutions was determined spectro-
photometrically (Spectronic Helios y; Thermo Fisher Scientific, Wal-
tham, MA) using the following extinction coefficients (EC, L/g/cm):
antheraxanthin in ethanol (235; Ap.x = 446 nm; Thrane et al., 2015),
lutein in ethanol (255; Amax = 445 nm; Britton, 1996), zeaxanthin in
acetone (234; Apnax = 452 nm; Britton, 1996), B-carotene in hexane
(259.2; Amax = 453 nm; Scott, 2001) and a-carotene in hexane (271;
Amax = 445 nm; Scott, 2001). In addition, two Z-isomers of zeaxanthin
were identified, which were confirmed by the photoisomerization of
their all-E-isomer standard solution by iodine as described by Kotikova
et al. (2016). Chromatograms in Fig. 1 represent differences of lutein
(1la) and zeaxanthin (1b) standard solution before and after photo-
isomerization. Particular Z-forms were identified by exploring their
absorption spectra (Aman, Biehl, Carle, Conrad, Beifuss, & Schieber,
2005; Paznocht et al., 2018). The absorption spectra of all carotenoids
identified in wheat grains are shown in Supplement 1. All analyses were
performed in triplicate for each genotype.

Variety Growth type Country of origin (1) Variety status Grain color
Bohemia Winter CZE Released variety Red (standard)
Annie Winter CZE Released variety Red (standard)
Citrus Winter DEU Released variety Ye

Bona Vita Winter SVK Released variety Ye

AF Jumiko Winter CZE Released variety Pp

Konini Spring NZL Released variety Pp

ANK-28A Spring RUS Genetic resource Pp

RU 687-12 Spring CZE Genetic resource Pp

UC 66049 Spring USA Genetic resource Ba

Skorpion Winter CZE Released variety Ba

(1) CZE Czech Republic, DEU Germany, SVK Slovakia, NZL New Zealand, USA United States of America, RUS Russian Federation.
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Fig. 1. Chromatogram of lutein (1a) and zeaxanthin (1b) standard solution before and after photoisomerization by iodine.
A and C - before isomerization; B and D — after isomerization, 1 — 13-Z-Lutein, 2 — 13’-Z-Lutein, 3 — All-E-Lutein, 4 — 9-Z-Lutein, 5 — 9’-Z-Lutein, 6 — 13-Z-Zeaxanthin, 7

— All-E-Zeaxanthin, 8 — 9-Z-Zeaxanthin.

2.4. Statistical analysis

The data were processed by Chromeleon (Thermo Fisher Scientific,
Inc., Waltham, MA) and Excel (Microsoft, Redmond, WA). Statistical
evaluation was performed using STATISTICA software (ver. 12;
StatSoft, Inc., Tulsa, OK). The differences in the content of carotenoids
between the raw material and the final product were assessed using
two-sample t-test (p < 0.05). The effects of variety, technological
processes, and their interaction on the relative share of preserved car-
otenoids were evaluated by factorial ANOVA (p < 0.05). Tukey's Post
Hoc HSD test was used for detailed statistical evaluation.

3. Results and discussion

Extrusion and puffing of whole cereal kernels were chosen based on
the results of a previous bun-making experiment, in which the stage of
kneading and dough rising preceding baking itself was recognized to
have the most detrimental effect on contained carotenoids (Paznocht
et al., 2019). Since extrusion and puffing do not include any similar
stages (kneading, dough rising), the time of the action of oxidative
enzymes is minimized. Extrusion consists in pushing the homogenized
material (wholemeal flour, semolina, etc.) through the extruder in a
controlled high temperature sequence (Sarka, Copikova, & Smrékova,
2013; Dehghan-Shoar, Hardacre, & Brennan, 2010). Conversely, the

starting raw material for puffing is the whole cereal grain, which limits
the action of atmospheric oxygen throughout this processing tech-
nology (Cattaneo et al., 2015).

A total of ten wheat genotypes of different grain color were used for
extrusion and puffing experiments, namely two red, which were used as
a control, two with yellow endosperm, four with purple pericarp, and
two with blue aleurone. A complete list of genotypes, including a brief
specification, is given in Table 1.

Chromatogram in Fig. 2a represents differences between wholemeal
flour and extrudate made of wheat Konini (Pp). An illustrative chro-
matogram of the Bona Vita variety (Ye) showing differences between
raw grain and puffed grain is shown in Fig. 2b.

3.1. The effect of extrusion on the TCC

Due to extrusion, there was an average decrease in the total car-
otenoid content (TCC) to 25.7% of the initial value (i.v.) (from 1.988 to
0.512 pg/g in the final product) as shown in Table 2. From a more
detailed view of the individual analyzed genotypes (Fig. 3, Supplement
3b), extrusion induced a decrease in TCC, which ranged from 37.7%
(Bohemia; from 1.222 to 0.460 pg/g) to 20.3% (Citrus; from 4.155 to
0.839 ng/g). Fig. 3 further illustrates that a great relative decrease in
the TCC (to 23.4%) was also observed in another wheat genotype with
Ye Bona Vita (from 5.015 to 1.171 pg/g). In general, Ye genotypes are
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Fig. 2. Chromatogram from HPLC-DAD carotenoid analysis of extruded flour (2a, wheat Konini, Pp) and puffed grain (2b, wheat Bona Vita, Ye).
A - Wholemeal flour, B — Extrudate, C — Whole grain, D — Puffed grain, 1 — 13-Z-Lutein, 2 — Antheraxanthin, 3 — 13’-Z-Lutein, 4 — 13-Z-Zeaxanthin, 5 — All-E-Lutein, 6 —
All-E-Zeaxanthin, 7 — 9-Z-Lutein, 8 — 9’-Z-Lutein, 9 — 9-Z-Zeaxanthin, 10 - B-Carotene, 11 — Xanthophyll monoesters, 12 — Xanthophyll diesters.

characterized by higher levels of carotenoids compared to bread
wheats. Thus, despite significant losses during technological processing,
the highest amount of carotenoids was preserved in the final products
of genotypes with Ye compared to other samples such as Annie, ANK
28A or UC 66,049 (0.308; 0.250 and 0.208 pg/g). Detailed results of all
analyzed genotypes are shown in Supplement 2a.

The rate of degradation inflicted by extrusion is comparable to the
previously published results of the bakery experiment (decrease to
27.4% of i.v.) performed with the same wheat genotypes (Paznocht
etal., 2019). A significantly lower decrease in the TCC (to 77.4% of i.v.)
during extrusion was observed by Ortiz, Ponrajan, Bonnet, Rocheford,
and Ferruzzi (2018) when optimizing corn flour extrusion conditions.
These authors, who performed extrusion with different temperature
settings in the three zones of the extruder (120, 140 and 160 °C) re-
ported that the TCC retention of the final product ranged from 65.1 to
94.3% depending on the maize flour moisture (25, 30 and 35%) and
screw speed (150, 225 and 300 rpm). A lower degradation rate was also
noted by Waramboi et al. (2013), who reported a decrease in the TCC
due to the extrusion of sweet potato flour to 61.4% of the inital content
in the raw material.

A significant decrease in the TCC (to 21.9%) also occured in the
extrusion production of emmer semolina pasta (from 1.69 to 0.37 ug/

g), which was studied by Fares, Codianni, Nigro, Platani, Scazzina, and
Pellegrini (2008). Similarly, Hidalgo et al. (2010) recorded an average
TCC decline to 22% of i.v. for a bread wheat as a result of the whole
pasta making process, while for the other types of wheat the decrease in
the TCC was much more moderate: durum wheat semolina to 43% of
i.v. and einkorn to 73% of i.v., accounting for about 0.2; 1 and 5 pug/g in
the final pasta product. Of the individual technological steps carried out
during the extrusion production of pasta, the dough preparation con-
tributes the most to the degradation of carotenoids since the moisture of
the mixture increases and the homogenization leads to incorporation of
atmospheric oxygen, thus activating lipoxygenase enzymes (Hidalgo
et al., 2010; Fratianni et al., 2012; Chiremba, Pozniak, & Fu, 2015).
Lipoxygenase activity in flours of various wheat genotypes has pre-
viously been reported by Hidalgo and Brandolini (2012). During the
production of egg pasta from durum wheat semolina, Fratianni et al.
(2012) recorded a decrease in the TCC to less than half (48.9%) of i.v. in
the mixture of starting materials (semolina and eggs) during the mixing
of the dough (approximately 18 min). A much lower decrease in the
TCC (to 74.1% of i.v.) due to the same technological step was found by
Chiremba et al. (2015) when using durum wheat. Hidalgo et al. (2010)
further reported that the subsequent extrusion itself caused a decrease
in the TCC of T. aestivum to 25% of the TCC in dough. A considerably
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Fig. 3. Decrease in the TCC of the individual genotypes due to the technological processing.

product contained an average of 2.485 ng/g, which is even more than
twice the amount of our Ye wheat products (1.119 pg/g). Considering
the results of einkorn, Hidalgo et al. (2016) observed a similar rate of
carotenoid degradation (to 45.4% of i.v.) in traditional bread wheat.
The percentages of the remaining carotenoids recorded by Hidalgo
et al. (2016) are surprisingly high compared to our values, considering
that in their experiment the grain was exposed to temperatures in the
range of 360-390 °C for 3-5 min, while in our experiment the grain was
exposed to a lower temperature (270-280 °C) for a substantially shorter
period of time (6 s).

3.3. The effect of interaction between processing technology and genotype
on the TCC

A higher percentage decrease in the TCC was observed in the vast
majority of analyzed genotypes due to extrusion, compared to puffing.
The only exceptions were the varieties Bohemia (37.7 vs. 30.8% of i.v.)
and Konini (36.6 vs. 26.5%), as shown in the graphical output of the
statistical evaluation by factorial ANOVA (Supplement 3b). The di-
vergent responses to the compared technologies were evident particu-
larly for Pp genotypes AF Jumiko and ANK 28A, and Ba variety Skor-
pion. When processing these wheats for utilization in the food industry,

puffing can be clearly recommended with regard to maintaining the
maximum amount of carotenoids contained. The output 3c and 3d in
Supplement 3, in which the average degradation of carotenoids caused
by both performed technologies is evaluated, indicates that Ye wheats
are characterized by generally the highest degree of degradation com-
pared to other color groups, while the degradation of red and some of
Pp wheats is generally the lowest.

3.4. Changes of the individual carotenoids induced by extrusion and puffing

The effect of both technologies used on the content of the individual
carotenoids of all analyzed wheat genotypes is captured in Supplement
2 (2a Extrusion, 2b Puffing). The total content of lutein (TLC), the
predominant of wheat carotenoids (about 70% of TCC), decreased on
average to 25.1 and 21.5% of i.v. due to extrusion and puffing. A similar
degradation rate was observed for the esterified forms of carotenoids, as
only 29.5 and 22.1% of the esters was preserved. An analogous finding
(a decline to 21.7%) was obtained by the analysis of carotenoids in the
bakery experiment of Paznocht et al. (2019). The results of our analyses
did not confirm the higher resistance of carotenoid esters to high
temperatures during processing (as shown by chromatograms in Fig. 2),
as reported by some previous studies (Ahmad et al., 2013; Mattera
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et al., 2017). The least stable carotenoid was antheraxanthin (extrusion
caused it to drop to 6.38% and puffing to 3.94%). Thus, only a small
amount of this carotenoid (on average 0.002 and 0.001 ug/g respec-
tively) was measured in the final products. Conversely, zeaxanthin, the
content of which decreased to 30.8% due to extrusion and only to
48.7% as a result of puffing, appeared to be surprisingly stable.

To our knowledge, the effect of wheat grain puffing on the content
of individual carotenoids has only been examinated by Hidalgo et al.
(2016), who reported a decrease in lutein content to 21.1% on average.
More resistant appeared to be zeaxanthin, which, similarly to our ex-
periment, showed an average decline to 47.7% and a- and (-carotene,
the content of which fell only to an average of 79.2%. Hidalgo et al.
(2016) further observed an increase in [B-cryptoxanthin content in
einkorn to more than 10 times the original value (from 0.09 to 0.92 ng/
g on average). This phenomenon was attributed to the isomerization
and hydroxylation of carotenoids at high temperatures. Hidalgo et al.
(2016) presupposed that the observed degradation of carotenoids due
to puffing (360-390 °C for 3-5 min) is almost exclusively caused by
high temperature.

Chiremba et al. (2015) reported an average decrease in TLC during
pasta production to 67.2% (dough preparation, extrusion), while an
average of 7.7% of lutein was decomposed directly by extrusion. The
effect of extrusion on individual carotenoids in other materials (e.g. in
corn flour or in combination with other additives) has been discussed in
more detail, for example, by Ortiz et al. (2018), Ortak, Caltinoglu,
Sensoy, Karakaya, and Mert (2017), and Cueto et al. (2017). Ortiz et al.
(2018) observed an average decline of lutein content in extruded maize
to 71.2%. Very similar results were also obtained by Ortak et al. (2017),
who combined maize with carrots in their experiment and reported that
the lutein content was reduced to 71.8% of i.v. due to extrusion at
130 °C (from 2.66 to 1.91 pg/g) and to 51.9% of i.v. at 160 °C (to
1.38 ug/g). Cueto et al. (2017) noted a greater decrease in lutein and
zeaxanthin to 30 and 45% respectively, using extrusion for corn flake
production. This was probably caused by processing a mixture with
significantly lower humidity (14%), as the extrusion was operated at a
similar temperature (in the individual zones of the extruder it increased
from 50 °C to the final 150 °C). To increase the nutritional value of
extruded products, Cueto et al. (2017) investigated the effect of maize
semolina enrichment with chia seeds (known as a good dietary source
of many antioxidants). However, the positive impact was not confirmed
by the results, as a serious carotenoid degradation, caused by the
abundance of oxidation-prone polyunsaturated fatty acids in chia seeds,
was measured. Thus, only about 25% of both lutein and zeaxanthin was
retained in the final product.

According to Ortiz et al. (2018), the retention of other carotenoids
occuring in maize (fB-carotene, [B-cryptoxanthin, and zeaxanthin)
reached only slightly different values: (73.0; 70.6 and 68.4% respec-
tively). Considering the stability of B-carotene, Waramboi et al. (2013)
also attained very positive results (61.2% of i.v.) during the extrusion of
sweet potato flour.

Both technological processes operated in this experiment resulted in
numerous isomerization changes of lutein and zeaxanthin (as is ap-
parent from Fig. 2), which were previously observed to be induced also
by cooking (Kao, Chiu, Tsou, & Chiang, 2012), baking (Hidalgo et al.,
2010), canning (Updike & Schwartz, 2003), drying (Chiremba et al.,
2015), or for B-carotene by extrusion (Basto et al., 2016). Compared to
other monitored carotenoids, a significantly lower diminution (to 41.5;
34.1; 60.6 and 74.1%) of the identified Z-isomers of lutein (13-Z; 13’-Z-;
9-Z- and 9’-Z-) was caused by extrusion. Even more pronounced iso-
merization of lutein was induced by puffing, with 9-Z-lutein only falling
to 80.0% of i.v. and, conversely, 9’-Z-lutein content almost doubling
(from 0.012 to 0.024 pg/g). Chiremba et al. (2015) also observed an
increase in the content of 13-Z- a 9-Z-lutein during the extrusion pro-
duction of pasta by an average of 13.9%. According to the authors, the
increase was mainly due to high temperatures during the drying of
pasta (85 °C). Possible isomerization processes caused by technological
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treatment are also indicated by the results of Fratianni et al. (2012),
who recorded a slight constant increase in 13-Z-retinol content (from
0.037 to 0.089 pg/g) during the entire extrusion process of egg pasta
production.

The Z-isomers of zeaxanthin (13-Z-zeaxanthin and 9-Z-zeaxanthin),
present in low concentrations in the starting material, were affected
differently by extrusion and puffing. The content of 13-Z-zeaxanthin,
the major of the two identified Z-isomers, decreased by extrusion from
an average of 0.022 to 0.003 pg/g, corresponding to only 13.8%. The
less represented 9-Z-zeaxanthin (0.003 pg/g on average) was com-
pletely annihilated by the extrusion. By contrast, the 13-Z-zeaxanthin
content increased by 193% due to puffing (from 0.018 to 0.034 pg/g)
and the 9-Z-zeaxanthin reached even more than 37 times the original
value, specifically 0.090 pg/g compared to the initial 0.002 pg/g. This
could be due to the much higher temperature during puffing in com-
parison with extrusion (280 and 130 °C respectively).

4. Conclusion

The extrusion and puffing of wheat grain for application in the food
industry cause a considerable reduction of carotenoid content. Based on
the presented results, it can be noted that puffing (TCC 31.6% of i.v.) is
a slightly more carotenoid-sparing process compared to extrusion (TCC
25.7% of i.v.) and to the previously examined baking of buns (27.4% of
i.v.). However, colored-grain wheats are also a potentially great ali-
mentary source of other health enhancing compounds such as antho-
cyanins (Lachman et al., 2017), tocols (Lachman et al., 2018) and
phenolic acids (Paznocht et al., 2020). In the interest of the production
of nutritionally high-quality foodstuffs, the question remains to what
extent these technologies affect other nutritionally important sub-
stances contained in newly bred wheat genotypes.
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Supplement 1 Absorption spectra of all identified carotenoids (retention time)

1 —13-Z-Lutein (9.8 min), 2 — Antheraxanthin (9.9 min), 3 — 13°-Z-Lutein (10.1 min), 4 — 13-
Z-Zeaxanthin (10.5 min), 5 — All-E-Lutein (10.6 min), 6 — All-E-Zeaxanthin (11.4 min), 7 —
9-Z-Lutein (11.6 min), 8 — 9’-Z-Lutein (12.3 min), 9 — 9-Z-Zeaxanthin (12.7 min), 10 — B-
Carotene (16.5 min), 11 — Xanthophyll monoester (16.0 min), 12 — Xanthophyll diester (20.3
min), 13 — a-Carotene (15.4 min, not shown in chromatogram)
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The content of carotenoids and tocols in the individual steps of technological processing was determined using
HPLC-DAD and HPLC-FLD. The dough preparation resulted in a more pronounced loss of the investigated an-
tioxidants (51.5 and 33.0%) compared to baking (22.5 and 9.1%). Carotenoids appear to be markedly less stable
than tocols, as only 26.0% compared to 57.9% of the initial flour content was preserved in the final product,
accounting for 0.81 and 29.4 pg/g. In the dough preparation phase, a strong correlation (R = 0.693, p < 0.001)

HPLC was noted between the tocol content in the flour and the share of retained carotenoids in the dough, indicating a
protective effect of tocols on carotenoids. In total, a similar overall retention of carotenoids, as in the leavened
bun preparation (27.4%), was found, since the differences in shape of the final product turn out to cause
increased carotenoid losses due to high baking temperatures in flatbread.

1. Introduction

Cereals are one of the world’s most important commodities, espe-
cially for their use in the food and feed industries, with wheat, partic-
ularly Triticum aestivum, taking the leading position on the European
continent. Wheat kernels represent a potentially valuable commodity for
human consumption thanks to their diverse spectrum of health-
promoting phytochemicals, the most important of which are lipophilic
carotenoids and tocols (Lachman et al., 2018) and hydrophilic phenolic
acids (Paznocht et al., 2020). The constant breeding of new genotypes
that are resistant to diseases, pests, and abiotic stressors, and/or that
have added nutritional value, is essential for successful agricultural
production. In recent decades, so-called colored-grain wheats, the grain
of which differs from the grain of traditional (red) hexaploid varieties,
for example by increased carotenoid content (yellow endosperm - Ye, i.
e. Bona Vita), or a completely new ability to synthesize and store an-
thocyanins in pericarp (purple pericarp - Pp; i.e. AF Jumiko), or in the
aleurone layer (blue aleurone - Ba; i.e. AF Oxana), have been bred
(Martinek et al., 2018, 2019). In recent years, genotypes with combi-
nations of colors inherited from different colored-grain wheats have also
been cross-bred, such as the “black” (Ba + Pp) AF Zora variety newly
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recognized in the Czech Republic. The elevated carotenoid content
characteristic for ancient wheats (T. monococcum L., T. dicoccum Schobl.)
genetically conditioned by Psy genes has been reintroduced to modern
hexaploid Ye genotypes, whereas the high anthocyanin content of Pp
and Ba wheats is determined by Pp genes originating from tetraploid
wheat (T. turgidum L. subsp. abyssinicum Vavilov) and Ba genes trans-
ferred from Thinopyrum ponticum and T. boeticum (Lachman et al., 2017).

Due to the increasing awareness of consumers that the consumption
of whole grain products is associated with the prevention of lifestyle-
related, non-communicable diseases (Zamaratskaia et al., 2021), there
is room available for the utilization of pigmented wheat genotypes,
which could be commercialized for novel nutrient-dense food produc-
tion (Gupta et al., 2021). Colored-grain wheat products could signifi-
cantly contribute to maintaining the proper health of consumers, since
compounds that are abundant in their kernels (i.e. carotenoids, tocols,
and anthocyanins) have been shown to act as antioxidants, as well as to
help in the prevention of several diseases such as cancer, metabolic
syndrome, and cardiovascular diseases (Jomova and Valko, 2013;
Tiwari and Cummins, 2009; Garg et al., 2016). The processing methods
that usually precede the consumption of cereals in order to achieve the
desired sensory properties can change the chemical composition and
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nutritional value of the resulting products (Eliasova et al., 2020; Narwal
etal., 2020; Sarka et al., 2013). The conformity of carotenoids and tocols
at the molecular level and the mechanism of their radical scavenging
action may result in their stability being limited by similar factors,
particularly by direct as well as enzyme-catalyzed oxidation and tem-
perature (Leenhardt et al., 2006).

This study follows a previous bun-making experiment (Paznocht
et al., 2019), in which it was found that the degradation of carotenoids
is, of all the technological steps performed during bun-making, to the
greatest extent related to the kneading and leavening stage of the dough.

Therefore, the objective of this study was to (1) evaluate the effect of
the technological steps performed during the preparation of unleavened
bread on the content of carotenoids and tocols, and to (2) investigate the
possible relation between the processing-induced changes of these
lipophilic compounds. The knowledge acquired will be used in our
continuous efforts to find a suitable grain processing technology that
would ensure the preservation of the highest possible content of nutri-
tionally important substances in the final products and thus maximize
the use of the nutritional potential of colored-grain wheat genotypes. It
is presupposed that shortening the kneading time of the dough and the
absence of the leavening phase have a beneficial effect on the preser-
vation of the investigated antioxidants and that there is a relation in the
way carotenoids and tocols degrade during processing.

2. Materials and methods
2.1. Plant material

A total of eleven colored-grain wheat genotypes, namely two of a
standard red grain color (used as a control) and three representatives
from each of the following analyzed color groups: yellow endosperm,
purple pericarp, and blue aleurone, were grown in 2017/2018 at the
Agricultural Research Institute in Kromériz, Czech Republic
(49.2851172 N, 17.3646269E). The experimental field parameters were
identical to those published in the previous study (Paznocht et al.,
2021). All technology processing operations and consequent analyses
were performed within ten months after the harvest. The main charac-
teristics of the selected wheat genotypes are listed in Table 1.

2.2. Technological steps of the unleavened bread preparation

2.2.1. Wholemeal flour milling

The grains were cleaned on a Labofix (C.W. Brabender® Instruments,
South Hackensack, NJ), sieved through a 2 mm sieve, and the remaining
impurities were manually removed. The grain was ground on a YM1 Wet
Wheat Grinding Machine Y-10 (Yucebas Machine Analytical Equipment
Industry, Izmir, Turkey) into three fractions: coarse bran (> 50 mesh),
fine bran (50-35 mesh) and flour (< 35 mesh). Wholemeal flour was

Table 1
Description of wheat (Triticum aestivum L.) genotypes.

Genotype Growth type Country of origin (2) Genotype status Grain color (3)
Bohemia  Winter CZE Released variety Red
Julie Winter CZE Released variety Red
Skorpion ~ Winter CZE Released variety Ba
T.B.S. (1) Spring AUT Breeding line Ba
AF Oxana Winter CZE Released variety Ba
Konini Spring NZL Released variety Pp
AF Jumiko Winter CZE Released variety Pp
ANK-28B  Spring RUS Research germplasm Pp
Bona Vita Winter SVK Released variety Ye
Citrus Winter DEU Released variety Ye
KM 109-17 Winter CZE Breeding line Ye

(1) T.B.S. Tschermaks Blaukorniger Sommerweizen; (2) CZE Czech Republic,
AUT Austria, NZL New Zealand, RUS Russian Federation, SVK Slovakia, DEU
Germany; (3) Ba Blue aleurone, Pp Purple pericarp, Ye Yellow endosperm.
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prepared by mixing all of these fractions.

2.2.2. Preparation of dough and baking

250 g of wholemeal flour, 2 g of salt, and 150 mL of water (22 °C)
were used for the dough preparation. After 6 min of kneading, the dough
was divided into 4 equal parts, from which flatbreads with a defined
height of 4 mm were formed. Two of them were frozen immediately and
the other two were baked at 220 °C for 6 min in a forced-air oven
(Venticell 111, BMT Medical Technology, Brno, Czech Republic). The
frozen samples of dough and the baked bread were subsequently freeze-
dried (Lyovac GT2, Steris, Hiirth, Germany) in the dark for 120 h and,
thus modified, were subjected to chemical analyses.

2.3. Sample preparation and chromatographic analysis of carotenoids

Extraction and chromatographic separation, as well as identification
and quantification of carotenoids, were described in detail in the pre-
vious study (Paznocht et al., 2019).

2.4. Sample preparation and chromatographic analysis of tocols

2.4.1. Chemicals

Tocotrienol and Tocopherol Mixed Solution Standard was obtained
from ChromaDex (Irvine, CA, USA). Methanol (HPLC grade), ethanol,
hexane, ethyl acetate, sodium chloride, potassium hydroxide, and py-
rogallol (all GR grade) were purchased from Lachner (Neratovice, Czech
Republic). Adjusted deionized ultra-pure water was prepared using
Simplicity UV (Merck Millipore, Darmstadt, Germany).

2.4.2. Sample extraction

Samples were prepared according to the method published by
Gutierrez-Gonzalez et al. (2013) with some modifications. In brief,
approximately 0.5 g of homogenized sample was combined with 0.5 mL
of 10 mol/L aqueous KOH, 0.5 mL of 95% ethanol, 0.5 mL of 0.15 mol/L
aqueous NaCl, and 1.25 mL of 0.48 mol/L ethanolic pyrogallol in a
50-mL plastic screw-capped Falcon tube and incubated at 80 °C for 30
min in a shaking water bath (VWR International, Leuven, Belgium),
vortexing every 10 min (Basic 3, IKA Werke, Staufen, Germany). After
cooling the sample to an ambient temperature in an ice bath, 3.75 mL of
0.15 mol/L aqueous NaCl was added, and the resulting mixture was
extracted twice with 6.5 mL of hexane/ethyl acetate (9:1, v/v), while
supported by vortexing and shaking (15 min, GFL 3006, Burgwedel,
Germany). The separation of immiscible phases was facilitated by 5 min
of centrifugation (3186 rcf, Eppendorf, Hamburg, Germany). Subse-
quently, the organic phase was transferred into a 20-mL glass test tube
and evaporated to dryness under a nitrogen stream. The dry residue was
reconstituted with 1 mL of methanol and filtered through a syringe filter
(PVDF, 0.45 pm) into a HPLC vial.

2.4.3. Chromatographic separation, identification, and quantification

The analyses were performed using an Ultimate 3000 HPLC system
(Thermo Fisher Scientific, Waltham, USA) with a quaternary pump,
column heater, autosampler, and fluorescence detector. The analytes
were separated by isocratic elution on a Develosil® RP-AQUEOUS C30
analytical column (250 x 4.6 mm, particle size = 5 pm) by Phenomenex
(Torrance, CA, USA). The mobile phase consisted of HyO:methanol
(3:97, v/v). The operating conditions were as follows: flow rate 1.0 mL/
min; column temperature 30 °C; autosampler temperature 10 °C; in-
jection volume 10 pL; time of analysis 35 min. Conditions of detection:
excitation wavelength A = 292 nm, emission wavelength A = 330 nm.
Limits of detection (signal/noise = 3) expressed in pg/g for individual
tocols were as follows: p-tocotrienol (-T3) 0.02; a-tocotrienol (a-T3)
0.05; 8-tocopherol (8-T) 0.03; p-tocopherol ($-T) 0.04; and a-tocopherol
(a-T) 0.09. Tocols were identified by comparing retention times with
those of analytical standards. The quantification was based on peak
area. Peaks were integrated and compared to tocol standards
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(concentration range 0.05-50 pg/mL).

2.5. Dry matter

Determination of dry matter (DM) was performed by drying the
wholemeal flour at 105 °C to a constant weight in the Venticell 111
forced-air oven.

2.6. Statistical analysis

All analyses were performed in triplicate for each genotype, and all
values reported in the present study are the average of these three
replicates expressed in the DM. The data were processed by Chromeleon
(Thermo Fisher Scientific, Waltham, MA) and Excel (Microsoft, Red-
mond, WA). Statistical evaluation was performed using STATISTICA
software (StatSoft, Tulsa, OK). The effect of genotype on the carotenoid
and tocol retention was evaluated by one-way ANOVA (p < 0.05) and
Tukey’s Post Hoc HSD test was used for detailed evaluation. The dif-
ferences in the content of carotenoids and tocols between individual
technological steps according to grain color were assessed using Krus-
kall-Wallis’s test. Correlation between the tocol content in the flour and
the carotenoid retention in the dough, as well as between the relative
share of carotenoids and tocols preserved in the dough, was tested by
means of the Pearson’s correlation coefficient, using regular 2D scat-
terplot as a graphical output.
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3. Results and discussion

A total of eleven wheat genotypes of different grain color were used
for the unleavened bread preparation. The total carotenoid content
(TCC; sum of all lutein isomers, zeaxanthin and xanthophyll esters) and
total tocol content (TTC; sum of a-, f-, y-, and 3- both tocopherols and
tocotrienols) were determined in wholemeal flour, dough, and baked
bread. An illustrative chromatogram of carotenoid and tocol analysis of
the genotype AF Jumiko (Pp) depicting the differences between flour,
dough, and baked bread is shown in Fig. 1a and b. The retention of the
monitored groups of analytes during processing was determined
depending on the genotype (TCC in Fig. 2; TTC in Fig. 3) and grain color
(Table 2).

Detailed results of the degradation of individual carotenoids and
tocols caused by the particular steps of the unleavened bread prepara-
tion are given in Supplements 1 and 2.

3.1. Carotenoids and tocols in flour

3.1.1. Carotenoids

The average TCC in the flour of all the analyzed genotypes was 3.12
ug/g and ranged from 1.21 pg/g (ANK-28B) to 8.29 ug/g (KM 109-17),
see Supplement 1. Of all the analyzed colored-grain groups, the highest
TCC was observed in wheats with yellow endosperm and the lowest in
conventional red wheats (6.88 and 1.61 pg/g; Table 2). The group of
wheats with Ye showed a broad oscillation of the TCC, with variation of
a minimum of 5.56 pg/g (Bona Vita) to a maximum of 8.29 pg/g (KM

707 ™A WVL:445 nm
3
|
60 la ‘h
I
50 [
(|
40 A\
‘h‘
i
30+ MH
| “\
20 I ‘\
A - -
A - A 6 N
10 1,,»,,\/\/\—‘/\,,,‘4‘“‘\‘\,; I~ o~ -~
1| R
0 B o~ “‘\7, S o~~~
|
| ]
c —~ Aff\//“ _ A e~
. min
T T T T T i T T T T - .
9 10 11 12 13 14 15 16 17 18 19 20 21 22
o ! Ex =292 nm
17.5¢6 1 I Em =330 nm
|
15.0¢6 - ‘\ “
[
12.5¢6 | u“
10.0e6 |
7.5¢6 -
10 1
50e6 | - /L, 7/\
2.5e6 | o /\,7 T
S //\;7 i N 7m|£
0 T T T T T T T T T T T T T T
9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Fig. 1. Chromatograms of AF Jumiko wheat variety from HPLC-DAD carotenoid (1a) and HPLC-FLD tocol (1b) analysis showing differences between flour (A), dough
(B), and bread (C) 1 - 13-Z-Lutein, 2 — 13’-Z-Lutein, 3 — All-E-Lutein, 4 — All-E-Zeaxanthin, 5 — 9-Z-Lutein, 6 — 9’-Z-Lutein, 7 — B-tocotrienol, 8 — a-tocotrienol, 9 —

8-tocopherol, 10 — p-tocopherol, 11 — a-tocopherol.
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Fig. 3. Retention of the total tocol content (TTC) of the individual genotypes during the technological processing.

109-17). Ba and Pp genotypes showed a higher average TCC (1.85 and
1.70 pg/g) than traditional red varieties (1.61 ug/g), but this difference
was not statistically significant (data not shown). Comparing the latter
two groups, the range of TCC values of the individual representatives
was wider in wheats with Pp, in which the minimum was 1.21 pg/g
(ANK-28B) and the maximum was 2.24 pg/g (Konini), while Ba wheats
ranged from 1.73 pg/g (Skorpion) to 1.93 pg/g (AF Oxana).

In addition to the Ye wheats, a significantly elevated TCC was found
in the flour of the purple wheat Konini, which is in accordance with the
observations of Paznocht et al. (2019), who, although they observed
lower overall values, also reported that, compared to other wheat

genotypes, wheats with Ye and Konini had a relatively increased TCC in
the flour. The average TCC of wheats with Pp measured in this study is
lower than the values recorded by Ndolo and Beta (2013) (2.62 ug/g) or
Ficco etal. (2016), who even reported comparable results for wholemeal
flour made from purple and yellow durum wheat (7.38 and 7.68 pg/g).
However, similarly to our findings, Ndolo and Beta (2013) observed a
higher TCC in wheats with Pp compared to red ones (2.62 vs. 2.56 1g/g),
which is in accordance with results published by Paznocht et al. (2018),
who also compared pigmented and standard wheats and observed a
slightly higher TCC in Pp, but a lower one in Ba genotypes compared to
red (3.60 and 2.41 vs. 3.56 pg/g). Our TCC results for common red
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Table 2
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Carotenoid and tocol content of individual colored-grain wheat groups (an average + standard deviation; pg/g) in wheat flour, dough, and bread and their retention

(%) relative to the initial value of the flour.

Grain color (number of genotypes) Technological step Total carotenoids Retention Total tocols Retention
Flour 1.61 £ 0.13a 100 61.1 £+ 2.20a 100
Red (standard) (n = 2) Dough 1.14 + 0.23ab 70.7 46.9 + 5.40b 76.8
Bread 0.70 + 0.09b 43.5 40.4 + 4.19b 66.2
Flour 1.85 + 0.11a 100 50.9 + 5.86a 100
Blue aleurone (n = 3) Dough 0.76 £+ 0.15b 41.0 34.4 £ 9.32b 67.7
Bread 0.37 + 0.06¢ 20.1 28.4 + 6.49b 55.9
Flour 1.70 + 0.47a 100 51.3 + 4.06a 100
Purple pericarp (n = 3) Dough 1.02 + 0.36ab 60.2 31.9 + 4.59b 62.2
Bread 0.63 + 0.25b 36.8 27.9 + 4.73b 54.4
Flour 6.82 + 1.19a 100 43.3 +8.71a 100
Yellow endosperm (n = 3) Dough 3.01 +1.21b 44.1 27.1 + 6.67b 62.6
Bread 1.52 + 0.59b 22.2 24.5 4 5.66b 56.6
Flour 3.12 + 2.3% 100 50.8 + 8.25a 100
Average of all color groups Dough 1.51 + 1.14b 48.5 34.0 + 9.41b 67.0
Bread 0.81 + 0.56¢ 26.0 29.4 £ 7.57b 57.9

values in columns marked with different letters are statistically different at p < 0.05.

wheats differ slightly from those mentioned by authors like Hidalgo and
Brandolini (2008); Lachman et al. (2013), and Leenhardt et al. (2006),
who noted lower values (1.36; 1.24; and 1.01 pg/g, resp.). In contrast,
Paznocht et al. (2018) reported more than twice as high a TCC in red
variety Bohemia.

Consistently with other literature data (Fratianni et al., 2012; Gior-
dano et al., 2017; Hidalgo et al., 2010; Okarter et al., 2010; Paznocht
et al., 2019), the most abundant carotenoid in all of the analyzed ge-
notypes was lutein, accompanied by its Z-isomers, accounting for more
than three quarters of the TCC on average. The composition of indi-
vidual carotenoids listed in descending order according to their average
values are as follows: lutein (2.21 pg/g; 70.8%) > xanthophyll esters
(0.76 pg/g; 24.3%) > zeaxanthin (0.19 pg/g; 6.2%) > lutein Z-isomers
(0.17 pg/g; 5.3%), see Supplement 1. Although the individual genotypes
differed in the content of individual carotenoids and TCC, the carotenoid
profiles were very similar.

3.1.2. Tocols

The TTC in the flour of all genotypes averaged 50.8 pg/g, with the
largest amount measured in red variety Julie (62.9 pg/g) and the lowest
in Bona Vita (31.8 pg/g), see Supplement 2. Regarding the analyzed
colored groups (Table 2), the highest TTC was characteristic for standard
red varieties (61.1 pg/g). A lower TTC was observed in wheats with Pp
and Ba (51.3 and 50.9 pg/g) and the lowest in genotypes with Ye (43.3
pg/g). The latter color group was also the one to have the greatest
variations among the individual representatives, with a minimum in the
flour made of Bona Vita and a maximum in KM 109-17 (49.5 pg/g).

Our results fell within the mean literature range (37.2-57.7 pg/g) of
tocol content in wheat (Giambanelli et al., 2013; Hidalgo et al., 2009;
Lampi et al., 2010), although significant variations among genotypes
were observed. A much lower TTC was observed by Okarter et al. (2010)
in soft red winter wheat (15.8 pg/g) and by Fratianni et al. (2012) in
semolina (28.9 pg/g). Lachman et al. (2018) also measured a lower
overall tocol content in pigmented wheats (34.5 pg/g on average), but in
accordance with our findings, they observed comparable TTC values
among blue- and purple-grained groups of genotypes (28.7 and 28.5
pg/g) and also reported that of all colored groups, the lowest TTC was in
genotypes with Ye (20.2 pg/g). Considerable variations may be caused
not only by the environmental conditions of the growing season, but also
by genetic factors, which both have a strong impact on the total tocol
content (Lampi et al., 2010).

Five of the eight forms of tocols were detected, namely, in a
decreasing order according to the average share on the TTC: $-T3 (28.1
ng/g; 55.4%) > o-T (11.9 pg/g; 23.4%) > B-T (6.22 pg/g; 12.3%) > o-T3

(4.91 pg/g; 9.7%) > &-T (1.06 pg/g; 2.1%). Significant oscillation of the
B-T3 content (ranging from 8.16 to 42.4 pg/g) among all examined ge-
notypes was observed. Tocotrienols accounted for an average of more
than 60% of the TTC, mainly due to the high p-T3 content. The pre-
dominance of p-T3 in wheat (48.3; 53.9; and 69.1%) was also reported
by Hidalgo et al. (2009); Lampi et al. (2010), and Fratianni et al. (2012).
An exception was the variety Bona Vita, which was the only one of all
the analyzed genotypes to have a higher percentage of o-T than p-T3
(40.2 vs. 25.7%). A large share (31.3%) of a-T, the one of all eight tocols
to possess the greatest biological activity and thus best satisfy the
criteria to be called a vitamin E (Azzi, 2018; Tiwari and Cummins,
2009), was also found in Konini, accounting for 15.4 pg/g, which is the
most of all the genotypes examined.

3.2. Retention of carotenoids and tocols in dough

3.2.1. Carotenoids

Dough kneading caused an average TCC decrease to 48.5% of the
initial value (i.v.) of the flour. A remarkably high proportion of the TCC
was retained in the dough of standard red genotypes (70.7%), with a
significantly lower decrease observed in Julie compared to Bohemia (to
88.1 vs. 55.0%; Fig. 2). On the contrary, the greatest degradation
occurred in blue- and yellow-grained wheats, in which only 41.0 and
44.1% of the TCC was preserved (Table 2). The most equable values of
the preserved TCC were found among the individual genotypes of Ba
wheats, whereas considerable oscillations were observed in group of
wheats with Ye (decrease to 52.1-27.9%). Highly varying losses were
recorded among the individual representatives of the group of wheats
with Pp (Supplement 1). The most significant drop in these occurred in
Konini (to 35.3%), which was characterized by the highest initial TCC of
all the Pp genotypes and had a considerable share of xanthophyll esters,
disproving speculation about the higher stability of xanthophyll esters
compared to their free forms (Mellado-Ortega and Hornero-Méndez,
2017). An exceptionally high TCC was retained in AF Jumiko (90.8%),
which is almost 34% more than was recorded in this variety during the
preparation of leavened dough by Paznocht et al. (2019). Furthermore,
these authors observed a lower retention of carotenoids in the dough of
all genotypes used both in their and in the present experiment; for
example, in Citrus and Bohemia the TCC decreased by more than 20%
compared to the results of the current study. The initial assumption of a
lower carotenoid degradation rate in the production of unleavened
dough was supported by the finding that our average TCC retention was
10-15% higher than observed by Paznocht et al. (2019) and Leenhardt
et al. (2006) during the preparation of leavened dough. Our results are
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comparable to the values published by Fratianni et al. (2012) and Hi-
dalgo et al. (2010), who determined a drop of total carotenoids to 48.9
and 46.0% in the dough used for pasta production. The latter authors
noted a significantly lower decrease in the TCC during bread and biscuit
preparation (to 74 and 77%), in which the dough was kneaded for half
the time than in our study (3 vs. 6 min). However, it is unlikely that a
mere shortening of the kneading time would be an effective way to
reduce carotenoid degradation, since Chiremba et al. (2015) observed a
decline of total carotenoids to 74.1% after 100 s of kneading.

Of all the analyzed genotypes, the largest decrease was observed in
Ye variety Bona Vita (to 27.9%), which was also specific in having the
lowest initial total tocol content. As for the color groups, both of which
had the most significant TCC losses in the dough (Ba and Ye wheats),
they also had the lowest initial TTC in the flour. In contrast, the standard
red genotypes, in which the largest share of the TCC was retained,
showed the highest TTC in the flour (Table 2). As indicated by the re-
sults, a high TTC in flour could have a beneficial effect on the amount of
carotenoids retained after dough preparation. Our hypothesis was sup-
ported by the results of a correlation analysis, which showed a signifi-
cant positive relation (R = 0.693, p < 0.001) of the TCC percentage
retained in the dough and the initial TTC of the flour (Fig. 4). It is in
accordance with findings that carotenoid radical cations formed during
the oxidative degradation (as carotenoids act as electron donors rather
than electron acceptors) may be efficiently reduced by tocopherols and
tocotrienols, but also by other compounds like isoflavonoids, which
leads to the regeneration of carotenoids (Han et al., 2010; Mortensen
and Skibsted, 1997; Schroeder et al., 2006).

3.2.2. Tocols

An average of 67.0% of the TTC from the i.v. of the flour was pre-
served in the dough. The largest portion of TTC was retained in red
wheats (76.8%), which was mainly on account of the minimal losses
occurring in Julie (decrease to 82.3%). No statistically significant dif-
ferences (not shown) in the retained TTC were found between the other
analyzed color groups (Ba 67.7%; Ye 62.6%; Pp 62.2%; Table 2). The
only exception to all of the representatives of these color groups was AF
Oxana, in which a remarkably low decrease (to 79.4%) was observed
(Fig. 3). The percentage of the preserved amount of total tocols in the
dough published by other authors varies depending on the applied
dough preparation method, and also on the plant material used. Hidalgo
and Brandolini (2010) reported a decrease to 59.9% with a shorter
mixing time (3 min) during biscuit preparation (T. aestivum). A higher
TTC retention (72.3%) was observed by Fratianni et al. (2012) in durum
wheat, although the duration of mixing was several-fold longer (18

Scatterplot of % TCC dough against TTC flour (ug/g)
data_unleavened 9v*67¢c
% TCC dough =-34.2501+1.7234*x; 0.95 Conf.Int.

% TCC dough

TTC flour (ug/g)

Fig. 4. Correlation between the amount of tocols (TTC, pg/g) in the flour and
the share of carotenoids (TCC, %) retained in the dough (R = 0.693, p < 0.001).
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min). A significantly lower TTC decrease (to 86%) was found by Leen-
hardt et al. (2006) in bread wheat, despite a relatively long dough
preparation time (16 min). Therefore, as with carotenoids, it seems
unlikely that simply reducing the kneading period would ensure a
higher percentage of tocols being retained in the dough.

The average tocol degradation percentage after kneading was lower
compared to carotenoids, which is consistent with the findings of
Leenhardt et al. (2006) (12 vs. 66%) and Fratianni et al. (2012) (27.7 vs.
48.9%). Although tocols seem to be more resilient to degradation caused
during dough preparation, a positive relation (R = 0.605, p < 0.001)
between the percentage of total carotenoids and tocols retained in the
dough was revealed by the correlation analysis (Supplement 3), sug-
gesting that the degradation of both groups of analytes depends, to a
certain extent, on the same factors. Since water and oxygen are incor-
porated into the material during kneading, the oxidation of poly-
unsaturated fatty acids, catalyzed by lipoxygenases in particular, is
likely promoted at this stage (Eyoum et al., 2003). This reaction leads to
the formation of hydroperoxides, which induce the oxidative degrada-
tion of carotenoids and tocols. Therefore, enzyme-controlled and direct
oxidation are the major factors causing the degradation of these lipo-
philic antioxidants during the dough preparation (Hidalgo and Bran-
dolini, 2010; Leenhardt et al., 2006).

3.3. Retention of carotenoids and tocols in baked flatbread

3.3.1. Carotenoids

The exposure to a high temperature during bread baking caused the
further degradation of carotenoids by 22.5% on average. Minor differ-
ences in TCC loss were found between the analyzed color groups: red >
Pp > Ba > Ye (decrease by 27.2 > 23.4 > 21.9 > 20.9%; Table 2).
However, regarding the individual genotypes, substantial variations
were observed, with the greatest decline occurring in Julie (by 37.2%)
and conversely the lowest in Bona Vita and Konini (by 14.2 and 15.5%;
Supplement 1).

Lower average TCC losses caused by baking (11%) recorded in the
previous bun-making experiment (Paznocht et al., 2019), could be
explained by the different shape of the bakery product. Leavened buns
baked at 240 °C for 14 min had a smaller surface area at almost the same
weight per unit, thus the heat transfer into the center of the product was
relatively slow, while during the baking of unleavened bread, high
temperatures were reached much faster throughout the entire product
(Chang, 2006). In this perspective, it is more appropriate to compare the
TCC loss values determined during baking in the present study to the
results published by Lu et al. (2015) and Hidalgo et al. (2010), who
reported a drop of 21.1% and 29.0% in bread crust.

In terms of carotenoid retention in the final product, the TCC
decreased to 26.0% (0.81 pg/g) on average. The highest share of the
initial content in the flour was preserved in standard red varieties
(43.5%), while the lowest amount was retained in wheats with Ba and
Ye (20.1 and 22.2%), as presented in Table 2. Considerable TCC was
maintained in the bread made from wheats with Pp (36.8%), especially
in AF Jumiko, in which the largest amount of total carotenoids (57.7%)
of all analyzed genotypes was preserved (Fig. 2). However, the average
retention of the TCC in Pp wheats was reduced by a vast decline in
Konini (to 19.8%). Notwithstanding the significant decline, wheat ge-
notypes with Ye showed the highest TCC (1.52 pg/g), exceeding more
than twice the TCC retained in red and Pp wheats (0.70 and 0.63 pg/g)
and even more than four times the value of Ba wheats (0.37 pg/g).

An appreciably lower TCC decrease (to 45%) due to bread-making
was found by Hidalgo et al. (2010) in bread crust. Conversely, Leen-
hardt et al. (2006) measured 0.1 pg/g of total carotenoids in common
wheat bread, representing 8% of the initial content of the flour. Com-
parable TCC retention (27.4%) observed in the previous bun-making
experiment indicates that the relatively large amount of carotenoids
preserved in dough due to the absence of the leavening phase was un-
fortunately reduced during baking, since presumably due mainly to the
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different shape of the product, high baking temperatures seem to have a
more detrimental effect on carotenoids in the case of thin, unleavened
flatbread compared to flakey, leavened buns.

3.3.2. Tocols

The average TTC loss promoted by baking (9.1%), supported the
finding of the higher thermostability of tocols compared to carotenoids
(Hidalgo and Brandolini, 2010; Leenhardt et al., 2006). As with carot-
enoids, the color groups did not differ significantly (not shown) in the
TTC decrease induced in response to high temperatures: Ba > red > Pp >
Ye (by 11.8 > 10.6 > 7.8 > 6.0%; Table 2), but the divergences between
the genotypes were more pronounced, with the maximal decrease
recorded in AF Oxana (by 17.2%) and the minimal in Citrus (by 2.3%;
Supplement 2).

Considering the whole bread-making process, an average TTC
decrease to 57.9% (29.4 pg/g) was recorded, with the largest share
retained in bread prepared from Julie flour (70.3%) and the smallest in
that of T.B.S. (47.0%). Moderate differences in the share of preserved
tocols were found within the individual color groups: red > Ye > Ba >
Pp (66.2 > 56.6 > 55.9 > 54.4%). However, in terms of the absolute
values, the largest amount of tocols was retained in standard red ge-
notypes (40.4 pg/g), which is about 40-60% more than in Ba, Pp, and Ye
wheats (28.4; 27.9; and 24.5 pg/g).

A lower retention of total tocols in wheat bread (45.2%) baked at 220
°C for 25 min was reported by Alvarez-Jubete et al. (2009). The TTC
retention recognized in the present study was similar to the results
published by Leenhardt et al. (2006), who also observed inferior losses
of tocols, compared to carotenoids (51.8 vs. 91.9%), in wheat
(T. aestivum) bread.

4. Conclusion

Comparing the critical steps of technological processing in unleav-
ened bread production, baking resulted in a substantially lower reduc-
tion of the monitored groups of lipophilic antioxidants than dough
kneading. In the phase of dough preparation, in which these compounds
are degraded mainly by direct oxidation and the action of oxidative
enzymes, a remarkable protective role of tocols in relation to caroten-
oids was demonstrated. It was observed that the greater the initial
content of tocols in the flour, the higher percentage of carotenoids was
retained at the end of the dough kneading phase. The degradation of
carotenoids may be considerably reduced by the shortening of the
kneading time, as well as by the shortening of or complete absence of the
leavening phase in the bakery products’ manufacturing. However, due
to the product characteristics, the subsequent exposure to high baking
temperatures is likely to have a more detrimental effect on the carot-
enoids saved by such a practice during the unleavened bread prepara-
tion. Therefore, in terms of preserving the highest possible carotenoid
content in bakery products, it would be desirable to propose hygieni-
cally and economically acceptable technological measures to reduce the
activity of oxidative enzymes from the very inception of the production
process and/or select genotypes with an elevated content of both ca-
rotenoids and tocols. The extensive variation of carotenoids and tocols
in the grain of colored wheats examined in the present study indicates an
opportunity to develop new genotypes with a unique, health-promoting
grain composition in future breeding programs that would be resilient to
the given factors present in various food processing technologies.
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Supplement 1

Content of carotenoids (an average + standard deviation; pug/g DM) in wheat flour, dough, and bread
and their retention (%) relative to the initial value of the flour

Technological Lutein Xanthophy!ll

Genotype step Lutein Zeaxanthin Z-isomers esters TCC Retention
) Flour 1.46 +0.06 0.13 £0.02 0.11 + 0.00 n.d. 1.70 £ 0.07 100
Bohemia Dough 0.68 + 0.03 0.11 +0.00 0.15+0.11 n.d. 0.94 +0.07 55.0
Bread 0.36+0.01 0.11+0.01 0.16 +0.00 n.d. 0.63 +0.02 36.9
. Flour 0.93 +0.06 0.17+0.01 0.06 + 0.00 0.36+0.04 1.52+0.10 100
Julie Dough 0.52+0.01 0.12+0.01 0.16 +0.02 0.56 +0.04 1.34+0.05 88.1
Bread 0.28 £0.02 0.14 £0.01 0.11+0.01 0.25+0.01 0.77 £ 0.05 50.9
. Flour 1.12+0.01 0.16 = 0.00 0.08 + 0.00 0.37+0.02 1.73 £0.03 100
Skorpion Dough 0.24 + 0.00 0.08 + 0.00 0.01+0.01 036+ 0.02 0.69 + 0.03 39.9
Bread 0.14 +0.00 0.08 +0.01 n.d. 0.134+0.01 0.35+0.01 20.1
Flour 0.80 +0.02 0.10+0.02 0.08 +0.01 0.83 +0.04 1.90 £ 0.07 100
TBS. Dough 0.19+0.01 0.09 % 0.01 nd. 0.36+0.03 0.64+0.04 33.4
Bread 0.11+0.01 0.07 + 0.00 n.d. 0.14 +0.02 0.33 % 0.02 17.1
Flour 1.58+0.08 0.23 +0.01 0.12+0.01 n.d. 1.93 +£0.08 100
AF Oxana Dough 0.63 % 0.02 0.11 + 0.00 0.22 4+ 0.02 nd. 0.96 + 0.05 49.6
Bread 0.23+0.01 0.12 +0.00 0.10+0.01 n.d. 0.44 +0.00 23.0
» Flour 0.80 + 0.06 0.17 +0.02 0.06 = 0.01 121+0.12 224 +0.19 100
Konini Dough 0.20+0.01 0.08 + 0.00 n.d. 0.51 +0.00 0.79 £ 0.01 35.3
Bread 0.13+0.00 0.08 + 0.00 n.d. 0.24+0.01 0.45+0.01 19.8
. Flour 1.38 £ 0.09 0.17+0.01 0.10+0.01 n.d. 1.65+0.11 100
AF Jumiko Dough 1.05 +0.06 0.11%0.01 0.34+0.03 nd. 1.50 = 0.08 90.8
Bread 0.59 +0.01 0.10 £ 0.01 0.27 +0.01 n.d. 0.95 + 0.02 57.7
Flour 0.69 = 0.05 0.20 = 0.01 0.02 £ 0.00 0.30 = 0.05 1.21£0.11 100
ANK-28B Dough 0.32+0.01 0.09 = 0.00 0.01 £ 0.00 0.35+0.00 0.78 % 0.01 64.8
Bread 0.20 = 0.01 0.08 = 0.01 n.d. 0.20 = 0.03 0.48 % 0.05 39.6
i Flour 2.69 = 0.04 0.17 £ 0.02 0.20 + 0.04 251+0.12 5.56 % 0.10 100
Bona Vita Dough 0.48 % 0.00 0.06 % 0.00 0.04 + 0.00 0.97 +0.00 1.55+0.01 27.9
Bread 0.24 +0.01 0.06 = 0.00 0.01 = 0.00 0.44 +0.02 0.76 % 0.02 13.7
. Flour 5.61 +0.08 0.26 = 0.02 0.51+0.07 0.24 +0.03 6.61 % 0.02 100
Citrus Dough 2.19+0.05 0.12+0.01 0.61+0.02 0.23+0.00 3.15+0.07 47.6
Bread 1.00 +0.04 0.12 = 0.00 0.44 £+ 0.03 0.15+0.01 1.70 £ 0.07 25.7
Flour 7.26 £0.07 0.29 +0.01 0.49 = 0.06 0.26 +0.01 8.29 + 0.05 100
KM 109-17 Dough 3.22+0.05 0.14 +0.00 0.73+0.08 0.24 £0.00 432 +0.13 52.1
Bread 1.30+0.07 0.14 £ 0.01 0.48 £ 0.03 0.16 = 0.01 2.09 +0.10 25.2
Average of all Flour 221+2.12 0.19+0.05 0.17+0.17 0.76 £ 0.75 3.12+2.39 100
analyzed Dough 0.88 =0.93 0.10 = 0.02 0.25+0.25 0.45+0.23 1.51+ 1.14 485
genotypes Bread 0.42+0.38 0.10 £ 0.03 0.24+0.17 0.21+0.10 0.81+0.56 26.0

n.d. — not detectable



Supplement 2

Content of tocols (an average + standard deviation; pug/g DM) in wheat flour, dough, and bread
and their retention (%) relative to the initial value of the flour

Technological

Genotype step B-T3 a-T3 S-T B-T a-T TTC Retention
) Flour 32.2+0.90 5.14+0.15 1.47 £0.08 6.81+0.55 13.6+0.79 59.2 +0.27 100
Bohemia Dough 24.0+0.26 3.43+0.12 1.09 +0.03 5.28 +0.05 8.20 + 0.07 42.0+0.26 70.9
Bread 228+ 1.05 3.20+0.05 0.93+0.02 4.86£0.15 4.86£0.15 36.6£0.79 61.9
. Flour 42.4+0.49 4.09+0.22 1.08 £0.14 5.11+0.32 10.2 £ 0.66 62.9+1.33 100
Julie Dough 34.4+0.46 332+0.13 0.84 + 0.09 4.38+0.26 8.84 + 0.50 51.8+0.84 82.3
Bread 32.1+0.44 3.18+0.14 0.71+0.08 412 £0.01 412 £0.02 442 £0.61 70.3
_ Flour 25.240.49 5.97+0.67 0.74+0.14 6.50+0.34 12.6+0.63 51.0+1.76 100
Skorpion Dough 18.3+0.34 3.09 + 0.06 0.62 + 0.09 4.24+0.16 7.21+0.22 33.4+0.74 65.6
Bread 17.0+0.22 3.04+0.09 0.51 +0.03 4.08+0.17 4.08+0.17 28.8 £0.59 56.4
Flour 19.9 +0.50 4.44£0.10 0.86 +0.10 6.56+0.11 12.440.42 44.2 £0.98 100
TBS. Dough 12.4+0.08 2.11+0.05 0.72+ 0.04 3.45+0.17 558+ 0.25 24.2 +0.58 54.8
Bread 11.5+045 1.82+0.03 0.67 + 0.04 3.37+022 3.37+022 20.8 £0.70 47.0
Flour 30.9+0.36 477+0.16 0.92 +0.09 8.36 +0.56 12,5+ 0.44 57.4+1.20 100
AF Oxana Dough 26.4+0.54 336+0.03 0.77 +0.02 6.29+0.19 8.83+0.57 45.6+1.31 79.4
Bread 22.1+0.13 3.28+0.02 0.67 +0.02 4.82+0.19 4.82+0.18 35.7+0.44 62.2
. Flour 21.8+0.83 4.60£0.12 1.12 +0.06 6.17 +0.08 15.4+0.10 49.0 £ 1.03 100
Konini Dough 12.0+0.18 2.60 +0.01 0.93+0.02 4.08 +0.16 7.82+0.37 27.4+0.70 55.9
Bread 12.9+0.70 246+0.12 0.91+0.04 4.05+0.15 4.05+0.15 24.4+1.16 49.7
) Flour 35.5+2.08 6.23 +0.09 1.13+0.17 461+0.24 8.92+0.18 56.3 +£2.42 100
AF Jumiko Dough 23.3+0.55 3.76+021 0.85+0.02 3.69 £ 0.06 6.04 =031 37.6+1.11 66.8
Bread 224+2.19 3.63+0.25 0.83 +0.04 3.51+0.08 3.51+0.08 33.9+£2.58 60.2
Flour 29.9+1.05 4.41+0.24 0.88+0.11 4.80+0.47 8.50  0.24 48.5+1.32 100
ANK-28B Dough 1924048  245+005  067+002  330+017  508+035 30.7£1.03 63.2
Bread 17.0+£0.17 2.40 £ 0.09 0.55 + 0.04 2.76+0.19 2.76+0.19 25.4+0.48 52.4
_ Flour 8.16+0.16 3.75+0.10 0.66 +0.05 6.41 +0.41 12.8+0.90 31.8+1.26 100
Bona Vita Dough 432+0.15 241+0.11 0.49 +0.05 3.81+0.11 7.25+0.28 18.3 £ 0.65 57.6
Bread 3.89+0.24 237+0.16 0.43+0.06 350+ 0.13 6.98 +0.26 17.2 £ 0.50 54.0
. Flour 223+0.10 5.77+0.28 1.40 = 0.03 6.51+0.16 12.7+0.43 48.6 + 0.50 100
Citrus Dough 12.6+£0.22 3.37+0.06 0.80 +0.04 5.10+0.19 8.74+0.20 30.6 £ 0.49 62.9
Bread 12.2+0.13 3.32+0.04 0.77 +0.04 4.76+0.13 8.42+0.14 29.5 +0.32 60.6
Flour 25.3+0.56 4.83+0.09 1.40 = 0.03 6.63+0.62 11.4 +0.86 49.5+0.92 100
KM 109-17 Dough 15.5+0.29 2.95+0.09 0.92+0.07 5.42 +0.06 7.60+0.12 32.4£0.61 65.4
Bread 12.3 +0.68 240+0.17 0.82 +0.02 437+0.36 6.97 +0.25 26.9£1.30 54.3
Average of Flour 28.1+8.95 4.91+0.80 1.06 +0.28 6.22 + 1.08 11.9+2.02 50.8 £ 8.25 100
all analyzed Dough 18.4 + 8.06 2.99+0.51 0.79+0.17 4.46 +0.92 7.38+ 131 34.0 £ 9.41 67.0

genotypes Bread 16.9 +7.40 2.83+£0.55 0.71+0.16 4.02 £0.67 490+ 1.73 29.4+£7.57 57.9




Supplement 3
Correlation between the share of total carotenoids and tocols retained in the dough (R =
0.605, p < 0.001)

Scatterplot of % TCC dough against% TTC dough
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The boiling of colored-grain wheat kernels resulted in a more pronounced loss of total carotenoids compared to in
vitro digestion (27.3% vs. 12.1%). After both boiling and digestion, the highest carotenoid content was preserved
in Citrus and Bona Vita wheats with yellow endosperm (2.34 and 1.88 pg/g), which is more than six times the
content retained in the digested material of red and blue varieties. Esterified carotenoids exhibited subaverage
heat-resistance, as their content dropped to 58.0% after boiling, while decreasing only slightly due to digestion
(to 53.4%). The stability of free zeaxanthin, lutein, and p-carotene differed significantly throughout boiling

(92.3% > 72.3% > 27.1%) and subsequent digestion (68.3% > 60.1% > p-carotene was reduced completely).
Exposure to high temperatures and other factors in play during digestion (i.e. acidic environment) resulted in
lutein E/Z isomerization, mainly reflected by an increase in 9- and 9’-Z-lutein content to 111% and 225%.

1. Introduction

Wheat is one of the leading crops for global food security, not least
because of its suitable characteristics for storage and thus for ensuring
food reserves. In many European countries it is indisputably the most
intensively cultivated cereal, used mainly for milling into flour and for
the subsequent manufacturing of baked goods and pasta products or
malt; moreover, it is used as a feed raw material, and to a lesser extent
for ethanol or starch production (Narwal et al., 2020). In addition to the
traditional so-called red-grain varieties, wheat genotypes with unusually
colored kernels, possessing a unique new ability to synthesize and store
anthocyanins in the outer layers of the grain and/or with a substantially
higher carotenoid content in the endosperm, have been bred in recent
years (Lachman et al., 2017). In the Czech Republic the latest of these
unconventional varieties is AF Zora, registered in 2021, with a black
grain color given by the combination of genes for blue aleurone (Ba) and
purple pericarp (Pp). In previous years, other varieties with unusual

grain colors caused by an increased anthocyanin content were regis-
tered, namely AF Oxana (Ba) in 2019 and AF Jumiko (Pp) in 2018
(VUKROM, 2021). Varieties rich in yellow carotenoid pigments, such as
Bona Vita and Citrus, were registered earlier in Slovakia and Germany
(Fucikova and Novacek, 2014; UKZUZ, 2018). Continuous breeding ef-
forts in the field of colored-grain wheat aim to enhance public health by
implementing new varieties in the food industry, enabling the smart and
cost-effective production of nutrient-dense foods, the consumption of
which could contribute to the prevention of many degenerative diseases,
since carotenoids and anthocyanins generally act as antioxidants in the
human body (Kotikova et al., 2016).

However, commonly used methods of wheat grain processing - the
baking of leavened (Paznocht et al., 2019; Eliasova et al., 2020) and
unleavened bread (Buresova et al., 2021), puffing and extrusion (Paz-
nocht et al., 2021), and pasta production (Hidalgo et al., 2010;
Oduro-Obeng et al., 2021) - cause various degradation rates of valuable
phytochemicals. It has been found that the most relevant factors causing

Abbreviations: Ba, blue aleurone; i.v., initial value; Pp, purple pericarp; SGF, simulated gastric fluid; SIF, simulated intestinal fluid; SSF, simulated salivary fluid;

TCC, total carotenoid content; Ye, yellow endosperm.
* Corresponding author.
E-mail address: buresovab@af.czu.cz (B. BureSova).
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the degradation of carotenoids are direct oxidation (after mechanical
disturbance of the grain and its exposure to oxygen), enzymatic oxida-
tion (occurring mainly when the flour is mixed with water, thus acti-
vating oxidative enzymes), and exposure to high temperatures (baking,
extrusion, puffing). Moreover, the feedstock in many of these technol-
ogies is grain which has been deprived of its outer layers, so the final
product is depleted of a significant share of antioxidants as well as fiber
components, essential for the proper course of the digestive process,
during which further variations in phytochemical content may also
occur (Gill et al., 2021; Hidalgo et al., 2018). For the full exploitation of
the nutritional potential of the new, non-traditional wheat genotypes, it
is crucial to examine and recommend a suitable processing technology,
one in which the whole grain is used and that is gentle to the contained
substances with antioxidant potential. The required criteria are com-
plied with in the boiling process, during which whole, mechanically
intact grain is used and the temperatures to which the material is
exposed usually does not exceed 100°C. The effect of boiling on the
carotenoid content has to date been investigated in food commodities
for which this culinary treatment is widely used, such as potatoes
(Kotikova et al., 2016), sweet potatoes (Kourouma et al., 2019), other
various vegetables (Kao et al., 2012), and among cereals, rice (Melini
et al., 2019), maize (Zhang et al., 2020), and millet (Shen et al., 2015).
However, to the best of our knowledge, no publication has addressed the
fate of carotenoids during the boiling of whole wheat grains, and
certainly not the colored ones.

Therefore the objective of the present study was (1) to investigate the
effect of boiling on the content and profile of carotenoids in wheat
kernels, and (2) to determine the amount of carotenoids preserved after
the simulated digestion process. The resulting findings will be beneficial
for the ongoing efforts to find a suitable method for the technological
processing of grains, the use of which would lead to a minimal degra-
dation of carotenoids, and thus the final products would represent a
relevant source of these health-promoting substances for consumers.

2. Materials and methods
2.1. Plant material

A total of ten colored-grain wheat genotypes were grown in 2018/
2019 at the Agricultural Research Institute in Kroméfiz, Czech Republic
(49.2851172N, 17.3646269E). The experimental field parameters were
identical to those published in the previous study (Paznocht et al.,
2021). All processing operations and consequent analyses were per-
formed within ten months after the harvest. The main characteristics of
the selected wheat genotypes are listed in Table 1.

2.2. Chemicals

KC], KH2PO4, NaHC03, NaCl, MgC12~6H20, (NH4)2CO3, CaClz,
NaOH, HCl, acetone, ethanol, hexane (all GR grade), and methanol

Table 1
Description of bread wheat (Triticum aestivum L.) genotypes.

Journal of Food Composition and Analysis 115 (2023) 105002

(HPLC grade) were purchased from Lachner Ltd., Neratovice, Czech
Republic. Lutein and zeaxanthin standards (UV, > 95%, > 98%) were
obtained from Extrasynthese, Genay, France. p-Carotene standard
(HPLC, > 95%), butylated hydroxytoluene (BHT, > 99% FG), and tert-
butyl methyl ether (HPLC grade) were purchased from Sigma-Aldrich,
Inc., St. Louis, MO. Ultra-pure HPLC water was prepared using
Simplicity UV (Merck Millipore, KGaA, Darmstadt, Germany). Enzymes
used: a-amylase derived from a genetically modified strain of Bacillus
licheniformis (17,400 U/mL; EC 3.2.1.1; ANKOM Technology FAA,
Macedon, NY), pepsin, from porcine gastric mucosa (601 U/mg; EC
3.4.23.1), and pancreatin according to the manufacturer containing
trypsin, amylase, lipase, ribonuclease, and protease originating from
porcine pancreas (800 U/mg; EC 232-468-9) both purchased from
Sigma-Aldrich, Inc., St. Louis, MO.

2.3. Sample preparation

2.3.1. Boiling

Fifty g of raw grain was weighed into a 250-mL beaker and after
adding 100 mL of water, the beakers were covered with laboratory
watch glasses and boiled for 30 min with periodic stirring every 5 min
with a glass rod. Following boiling, excess water was strained off and the
samples were transferred into plastic bags after cooling. Half of each
sample was used for the simulated digestion process and half was
immediately frozen at -18°C for 24 h and then freeze-dried (Lyovac GT2,
Steris, Hiirth, Germany) to a constant weight in the dark.

2.3.2. Digestive process

The simulated digestion comprising the oral, gastric, and small in-
testinal phases was performed in a standardized static in vitro model
previously published by Minekus et al. (2014), with slight modifications.
The simulated salivary fluid (SSF), simulated gastric fluid (SGF), and
simulated intestinal fluid (SIF) were prepared according to Supplement
1 and warmed to 37°C prior to the experiment.

For the simulation of the oral phase, 5 g of the sample was homog-
enized and mixed with 5 mL of SSF. The a-amylase originating from a
genetically modified strain of Bacillus licheniformis was added to achieve
75 U/mL, and the CaCl; was added to attain 0.75 mmol/L in the final
mixture. The sample was thoroughly mixed and incubated for 2 minin a
shaking water bath (37°C, 100 rpm).

For the gastric phase, the oral bolus was mixed with 10 mL of SGF.
Porcine pepsin and CaCl, were added to achieve 500 U/mL and 0.075
mmol/L, respectively, in the final mixture, the pH of which was subse-
quently reduced to 3.0 using 1 mol/L HCI. The incubation took place in a
shaking water bath (2 h, 37°C, 100 rpm).

For the intestinal phase, 20 mL of SIF was mixed with the gastric
chyme. Pancreatin from the porcine pancreas was added to achieve 100
U/mL in the final mixture (based on the trypsin activity). Bile salts and
CaCl, were added to achieve a concentration of 10 mmol/L and 0.3
mmol/L, respectively, in the final mixture, and 1 mol/L NaOH was

Variety Growth type Country of origin® Variety status Grain color”
Bohemia Winter CZE Released variety Red
Annie Winter CZE Released variety Red
Citrus Winter DEU Released variety Ye
Bona Vita Winter SVK Released variety Ye
AF Jumiko Winter CZE Released variety Pp
Konini Spring NZL Released variety Pp
ANK 28A Spring RUS Research germplasm Pp
RU 687-12 Spring CZE Genetic resource Pp
UC 66049 Spring USA Genetic resource Ba
Skorpion Winter CZE Released variety Ba

@ CZE Czech Republic, DEU Germany, SVK Slovak Republic, NZL New Zealand, RUS Russian Federation, USA United States of America.

b Ye Yellow endosperm, Pp Purple pericarp, Ba Blue aleurone.
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added to adjust the pH to 7.0. The incubation took place in a shaking
water bath (2 h, 37°C, 100 rpm). The samples were frozen at -18°C for
24 h after cooling and then freeze-dried to a constant weight in the dark.

2.4. Chromatographic analysis of carotenoids

Determination of dry weight (DW), sample extraction and chro-
matographic separation, as well as identification and quantification of
carotenoids, were described in detail in the previous study (Paznocht
et al., 2019). The extraction of carotenoids from digested material was
carried out after lyophilization and homogenization directly in the
original Falcon tube, in which the samples were subjected to the simu-
lated digestion process.

2.5. Statistical analysis

All analyzes were performed in triplicate for each genotype, and all
values reported in the present study are the average of these three
replicates expressed in the DW. The data were processed by Chromeleon
(Thermo Fisher Scientific, Waltham, MA) and Excel (Microsoft, Red-
mond, WA). Statistical evaluation was performed using STATISTICA
software (StatSoft, Tulsa, OK). The differences in the total carotenoid
content between the raw material, boiled grain, and the digesta were
evaluated by one-way ANOVA (p < 0.05), and the combined effect of the
genotype and the individual steps of the preparation process was
assessed using factorial ANOVA (p < 0.05). Tukey’s Post Hoc HSD test
was used for exact assessment.

3. Results and discussion

A total of ten wheat genotypes of different grain color were used for
technological processing by boiling and subsequent simulated digestive
process. The contents of individual carotenoids and the total carotenoid
content (TCC; the sum of all lutein isomers, zeaxanthin, p-carotene, and
xanthophyll esters) were determined in both raw and boiled grain, as
well as in material obtained as a result of the simulated digestion. An
illustrative chromatogram of carotenoid analysis of the genotype Konini
(Pp) depicting the differences between all three processing steps
mentioned is shown in Fig. 1. The average differences in the content of
individual analytes determined for all genotypes in each of the pro-
cedure steps are given in Table 2, and the variations in the TCC in the
individual steps according to genotype are depicted in Fig. 2.

Detailed results of the changes in the content of individual
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carotenoids caused by the particular step of the preparation process are
given in Supplement 2.

3.1. Raw grain

The average TCC in raw grain of all the analyzed genotypes was
1.59 pg/g (Table 2) and ranged from 0.60 pg/g (UC 66049) to 3.69 ng/g
(Citrus). In addition to Citrus, immense TCC was found in yellow-grain
Bona Vita (3.46 pg/g). Apart from wheats with Ye, some of the geno-
types with purple pericarp, namely Konini and AF Jumiko, also showed
an elevated TCC (1.88 and 1.29 pg/g; Supplement 2), which is in
accordance with results published by Buresova et al. (2021) and Paz-
nocht et al. (2019), which showed a relatively higher TCC in wheats
with Ye (Citrus 6.61 and 2.24 pg/g; Bona Vita 5.56 and 2.11 pg/g), as
well as in purple wheats Konini (2.24 and 1.53 pg/g) and AF Jumiko
(1.65 and 0.80 pg/g), compared to the other wheat genotypes examined.
The variability in the carotenoid content of the varieties, observed in the
respective studies, may be attributed primarily to the different cropping
year in which the samples were cultivated, as climatic conditions
significantly affect the content of these pigments, as well as of other
phytochemicals (Abdel-Aal et al., 2007; Capouchova et al., 2020;
Kotikova et al., 2007). Certain differences were observed in the carot-
enoid profiles of the individual genotypes, but all of them were char-
acterized by the predominance of all-E-lutein, the content of which was
0.86 pg/g on average, which corresponds to 53.9% of the TCC. Within
the genotypes analyzed, the all-E-lutein content ranged from 0.28 pg/g
in UC 66049 to 2.70 pg/g in Citrus, representing also the highest share
of the TCC (73.2%). All-E-lutein, along with zeaxanthin, which are
essential for proper retinal cell functioning (Kotikova et al., 2016), were
the only two of all the analytes to be detected in all the samples. How-
ever, compared to lutein, the content of zeaxanthin was much lower,
averaging 0.26 pg/g (16.6% of the TCC) and also varied less, ranging
from 0.13 pg/g (Annie) to 0.37 pg/g (Konini). Xanthophyll esters, with
an average content of 0.31 pg/g (19.5% of the TCC), were abundant in
the Bona Vita and Konini genotypes (1.39 and 0.75 pg/g), in both of
which they accounted for 40.1%, while in others (ANK 28A, UC 66049)
their content was relatively low (0.07, 0.09 pug/g) or they were not
detected at all (Bohemia, Citrus, AF Jumiko). In previous years, esteri-
fied forms of carotenoids have been the subject of considerable interest,
as they were anticipated to be more resistant during technological
processing. However, this presumption has not been confirmed by the
results of our preceding studies (Buresova et al., 2021; Paznocht et al.,
2021), as esterified carotenoids - which in the case of wheat are
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Fig. 1. Chromatogram of Konini wheat variety from HPLC-DAD carotenoid analysis showing differences between raw grain (A), boiled grain (B), and digested
material (C). 1 — 13-Z-Lutein, 2 — 13’-Z-Lutein, 3 — All-E-Lutein, 4 — All-E-Zeaxanthin, 5 — 9-Z-Lutein, 6 — 9’-Z-Lutein, 7 — B-Carotene, 8 — Xanthophyll monoesters, 9 —

Xanthophyll diesters.
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Table 2
Carotenoid contents (an average + standard deviation; pg/g) in raw and boiled grain and the digesta; and their retention (%) relative to the initial value in the raw
grain.
Procedure All-E- 13-Z- 13-Z- 9-Z- 9-Z- Zeaxanthin p-Carotene Xanthophyll Sum of
step Lutein Lutein Lutein Lutein Lutein esters carotenoids
Average of All Analyzed  Raw Grain 0.86 + 0.06 + 0.03 + 0.03 + 0.01 + 0.26 + 0.03 + 0.31 + 0.43a 1.59 + 1.07a
Genotypes 0.70a 0.07a 0.05a 0.04a 0.02a 0.07a 0.05a
Boiled Grain 0.62 + 0.04 + 0.02 + 0.03 + 0.02 + 0.24 + 0.01 + 0.18 £+ 0.22a 1.15 £ 0.70ab
0.49ab 0.05a 0.03a 0.04a 0.03a 0.07a 0.03b
Digesta 0.51 + 0.04 + 0.02 + 0.03 = 0.02 + 0.18 + - 0.17 £+ 0.21a 0.96 + 0.65b
0.44b 0.05a 0.03a 0.04a 0.03a 0.05b
% of Initial Value (100 Boiled Grain 72.3 65.9 55.3 124 166 92.3 27.1 58.0 72.7
% in Raw Grain) Digesta 60.1 63.2 53.7 111 225 68.3 - 53.4 60.6
Values in columns marked with different letters are statistically different at p < 0.05.
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Fig. 2. The TCC of the raw material, boiled grain, and the digesta of the individual genotypes examined (bars marked with different letters are statistically different

at p < 0.05).

comprised mainly of lutein esters (Mellado-Ortega and Horner-
o-Méndez, 2012) - were found to be degraded to a similar extent as in
their free forms. As shown in Supplement 2, 13-Z-lutein, 13’-Z-lutein,
9-Z-lutein, 9’-Z-lutein, and p-carotene comprised only a minor portion of
the carotenoid profile, which, across the genotypes studied, did not
exceed 6.2%, 4.2%, 4.1%, 1.9%, and 5.4%, respectively.

3.2. Boiled grain

Boiling caused an average TCC decrease to 1.15 pg/g, accounting for
72.7% of the initial value (i.v.) in raw grain (Table 2). The greatest
amount was preserved in the Ye varieties Citrus and Bona Vita (2.60 and
2.19 pg/g), although they showed relatively high percentage losses
(29.7% and 36.6%) compared to other genotypes. A similar phenome-
non was observed in previously investigated technologies, in the baking
of leavened buns (Paznocht et al., 2019) and unleavened bread
(Buresova et al., 2021), and in extrusion and puffing (Paznocht et al.,
2021) in which, although a relatively large share of the TCC was
degraded in Ye varieties, the amount retained was greater than in all
other genotypes due to significantly higher initial contents. The most

resilient to boiling was Pp variety Konini, in which the lowest proportion
of the TCC of all genotypes was degraded (16.5%), thus the boiled grains
retained a very high carotenoid content (1.57 pg/g), which is
several-fold more compared to leavened buns (0.35 pg/g), unleavened
bread (0.45 pg/g), puffed grains, and extrudates (0.45 and 0.75 pg/g).
These differences were found not only in the case of Konini, but also
when comparing the average TCC values of all the genotypes examined,
which were considerably higher after boiling than after the baking of
buns (0.29 pg/g) and bread (0.81 pg/g), as well as after extrusion and
puffing (0.51 and 0.49 pg/g). Boiling is therefore not only quite a simple
treatment to perform, but also very efficient in terms of carotenoid
preservation compared to other technologies, which is particularly
evident considering the share of carotenoids retained in the final prod-
uct: buns (24.9%; Paznocht et al., 2019), bread (26.0%; Buresova et al.,
2021), extrudates and puffed grains (25.7% and 31.6%; Paznocht et al.,
2021). A lower average TCC retention rate (approximately 64%) was
observed by Kean et al. (2011) in sorghum porridge. In a rice boiling
experiment, Melini et al. (2019) recorded an average decrease in the
TCC from 1.90 to 0.93 pg/g, corresponding to 49.1% of the i.v. The rice
varieties used for the experiment differed significantly in their TCC in
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the starting raw material (0.36-4.60 pg/g) as well as after boiling
(0.18-3.16 pg/g), accounting for carotenoid retention in the range of
30.1-68.7%. A considerably high share of preserved carotenoids
(expressed as total yellow pigments), ranging from 88.3% to 91.5% in
boiled foxtail millet, was reported by Shen et al. (2015), who, however,
further noted a more pronounced decrease (to 41.2-70.0%) due to
high-pressure cooking (121°C, 321 kPa) using an autoclave. A similar
retention rate was recorded by Kourouma et al. (2019) in orange-fleshed
sweet potatoes after 15 min of boiling under atmospheric pressure (to
91.9%), but it was reduced remarkably with increasing boiling time (to
59.2% after 45 min). On the contrary, Zhang et al. (2020) observed an
increase in TCC after the boiling of maize to 123%, suggesting that the
exposure to a high temperature induced cell wall disruption and the
subsequent release of carotenoids from the plant matrix, enhancing their
extractability. Therefore, the effect of high temperatures on the carot-
enoids during the cooking of maize is not absolutely conclusive, as these
changes may be attributed to the release of carotenoids from various
bonds and/or to their simultaneous degradation.

Changes in individual lutein isomers varied, with the major all-E-
lutein declining to 72.3% of the i.v. in raw grain, which is about three
times more than was preserved after the baking of buns (23.6%; Paz-
nocht et al., 2019) and bread (19.0%; Buresova et al., 2021), and after
extrusion and puffing (22.3% and 17.5%; Paznocht et al., 2021).
Compared to all-E-lutein, greater losses were noted for 13-Z-lutein and
13’-Z-lutein (decrease to 65.9% and 55.3%), whereas the contents of
9-Z-lutein and 9’-Z-lutein even increased to 124% and 166% after
boiling (Fig. 1, Table 2). This upward trend in the case of 9-Z-lutein may
be attributed especially to the increase observed in Bohemia (from a
value < LOQ to 0.04 pg/g) and also in genotypes AF Jumiko and Citrus
(to 129% and 115%). While the most pronounced increase in 9’-Z-lutein
content was found in AF Jumiko (from a value < LOQ to 0.04 ug/g),
followed by Citrus and Bona Vita (135% and 128%; Supplement 2). The
obtained results indicate pronounced stability and/or isomerization of
the latter two Z-forms, which is a favorable finding, since Honda et al.
(2021) suggested that the Z-isomers exhibit greater antioxidant,
anti-inflammatory, and anti-atherosclerotic activities compared to the
all-E-isomers. A higher retention in boiled grains relative to the products
of all the above-mentioned technologies was registered for all analytes
detected; the only exception was 9’-Z-lutein, which showed a more
pronounced increase after puffing (to 198%), which could be due to the
more extensive isomerization processes induced by the high pressure
and temperatures. The carotenoid (E- to Z-) isomerization, especially of
lutein, was previously reported by De Oliveira and Rodriguez-Amaya
(2007) during the boiling of corn, as well as by Shen et al. (2015) for
foxtail millet, observing that boiling under an elevated pressure (higher
than atmospheric) led to a stronger intensity of isomerization processes
and a greater degradation rate, which the authors explained by the
correlation of physical energy from the increasing pressure with the
isomerization of E-carotenoids or their disintegration into smaller mo-
lecular fragments. Various alterations of lutein in boiled basil leaves
were noted by Kao et al. (2012), who reported that the 13-Z-lutein
content decreased to 89.2%, whereas the concentration of 13’-Z, 9-Z,
and 9’-Z-lutein increased to 109%, 145%, and 211%, respectively. In
contrast, Oduro-Obeng et al. (2021) observed a decrease of 9-Z and
13’-Z-lutein (to 61.6% and 72.3%) after boiling pasta, suggesting that
this phenomenon is attributable to the degradation of carotenoids into
apocarotenoids. However, both studies mentioned above stated an
increasing level of (E- to Z-) isomerization with prolonged boiling time.
This finding was supported by the results of Kourouma et al. (2019),
who, with increasingly lengthening boiling times (from 15 to 45 min),
observed an immense isomerization of f-carotene, reaching more than
3.7-4.6 times the i.v. in raw orange-fleshed sweet potatoes, whereas
Kotikova et al. (2016) and Kean et al. (2011) did not observe any
carotenoid isomerization during potato and sorghum porridge cooking.

Along with free carotenoids, it has been observed that some wheat
genotypes contain esterified forms of carotenoids, which were degraded
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to a similar extent as most of the other analytes examined due to boiling
(to 58.0%). Although other technological experiments with baking
(Paznocht et al., 2019; Buresova et al., 2021), extrusion, and puffing
(Paznocht et al., 2021) performed in previous years led to a more
extensive degradation (to 20.6%, 28.2%, 22.1%, and 29.5%, resp.), an
analogous pattern, not supporting the contention of the higher stability
of xanthophyll esters (Fratianni et al., 2021; Mattera et al., 2017;
Mellado-Ortega and Hornero-Méndez, 2012), was found.

In the overall evaluation of the diverse set of genotypes analyzed, it can
be concluded that the content of none of the analytes of interest was sta-
tistically significantly altered by boiling (Table 2). The only exception was
B-carotene, the content of which decreased markedly after boiling (to
0.01 pg/g, 27.1%) and was thus the least stable of all the carotenoids
detected. In contrast, zeaxanthin showed the greatest apparent resilience to
boiling, with the lowest average reduction of its content, to 0.24 pg/g
(92.3%). Similar findings were reached by Paznocht et al. (2019), who,
after the leavened bun preparation process, observed the most substantial
decrease in B-carotene (to 0.004 pg/g, 11.2%) and the lowest in zeaxanthin
content (to 0.05 pug/g, 77.6%) of all carotenoid forms. In accordance,
Melini et al. (2019) identified three carotenoids in cooked rice that differed
in resistance to high temperatures, listed in descending order of percentage
retained: zeaxanthin (62.1%) > lutein (47.0%) > fB-carotene (7.6%). On
the contrary, Shen et al. (2015) reported almost equal retention rates of
lutein and zeaxanthin (74.8% and 76.3%) when boiling foxtail millet.
Strikingly contrasting alterations were noted by Kean et al. (2011)
observing a higher stability of carotenes (63.7-78.3%) compared to xan-
thophylls (32.5-50.9%) in sorghum porridge, and also by Zhang et al.
(2020), who found an increase in lutein, zeaxanthin, and f-carotene con-
tent (to 123%, 123%, and 117%, resp.) in boiled maize. It is evident from
the aforesaid that the variations in the changes of individual carotenoids
may be attributed, inter alia, to the nature of the food matrix and the form
in which the carotenoids are present. According to Shen et al. (2015), in
cereals with a higher lipid content, such as maize, carotenoids can be
dissolved, whereas in carrots, for instance, they occur in crystalline form.
These authors further suggested the possibility of a certain protective effect
of macromolecular components, such as proteins or fiber, to which carot-
enoids can be non-covalently bound.

3.3. In vitro digestion

Homogenized samples of boiled wheat grains were subjected to a
simulated three-stage digestion process to determine digestive stability,
represented by the percentage loss of carotenoids relative to their con-
tent in boiled grain, as well as overall stability, indicated by the share of
carotenoids preserved in the digested material throughout the entire
process from the raw kernel. The further carotenoid degradation
observed (by 12.1%) resulted in an average of 60.6% of the initial TCC in
raw grain being preserved in the digesta, accounting for 0.96 ug/g. The
amount of carotenoid reduction (following the simulated digestive
process) varied considerably within the genotypes studied, the deviating
cases being Annie and Bohemia, in which the TCC declined by 29.7%
and 1.6% to a final 43.2% and 80.1%, respectively. The extensive
degradation rate, combined with the very low TCC of the raw grain,
resulted in the digested material of Annie containing the lowest overall
TCC (0.28 pg/g). Furthermore, due to the inferior initial TCC of
Bohemia, only a moderate TCC (0.89 pg/g) was retained in its digesta,
despite the absolute highest digestive and overall stability. On the
contrary, the maximum amount of TCC was preserved in the Ye geno-
types Citrus and Bona Vita (2.34 and 1.88 pg/g), despite greater relative
losses (decrease to 63.5% and 54.4%).

Rodrigues et al. (2017), following the digestion methodology by
Minekus et al. (2014), noted a comparable average digestive carotenoid
stability, not exceeding 10.0% loss, for most of the foods examined (e.g.
mango, carrot, spinach). Kean et al. (2011) reported a decrease of carot-
enoids by 22.9-61.7% due to digestion of sorghum porridge and, in
accordance with our findings, considered carotenoids to be quite stable
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during the digestion process, which is noteworthy given their low resis-
tance to acid exposure (Kopec et al., 2017). A more severe average loss of
69.7% caused by the digestion process (according to Minekus et al., 2014),
was found by Zhang et al. (2020) for boiled maize. The effect of the
digestion process on food carotenoids was investigated in more detail by
Petry and Mercadante (2017), who monitored the TCC alterations after the
individual stages of in vitro simulated digestion of mandarin pulp. No
discernible loss of carotenoids was induced by the oral phase, but after the
gastric digestion the TCC decreased by 16.0-17.6% and by a further
3.5-6.0% following the duodenal phase. Therefore, lower digestive sta-
bility was observed compared to our study, as the initial carotenoid content
was reduced by a total of 23%.

The content of all-E-lutein was reduced by 12.2%, to an average of
0.51 pg/g (60.1%) during the simulated digestive process. As a result of
exposure to all the digestion phases, additional changes in lutein Z-iso-
mers occurred. The content of 13-Z and 13’-Z-lutein further declined,
but almost negligibly (by 2.7% and 1.5%), to an average of 0.04 and
0.02 pg/g (to 63.2% and 53.8%). The general trend was deviated by the
increase of 13-Z-lutein in Konini and 13’-Z-lutein in AF Jumiko, in both
cases from value < LOQ in boiled grain to 0.04 and 0.03 pg/g (Sup-
plement 2). 9-Z-lutein was degraded more extensively after digestion,
decreasing its content by 13%, to 0.03 pg/g (111%), whereas the 9°-Z-
lutein content increased even more (by 59%) to a final 0.02 pg/g (225%;
Table 2). The above-mentioned findings may be considered favorable, as
some authors (Ferruzzi et al., 2006; Honda et al., 2021; Kean et al.,
2011) noted the enhanced utilizability of dietary Z-forms of carotenoids
compared to their E-isomers.

The very low digestive stability of lutein in boiled maize was
observed by Zhang et al. (2020), as its content declined by more than
70%. Kopec et al. (2017) reported an average 40% decrease in the lutein
content of artificial mixed meals after all simulated digestion phases
(gastric, duodenal, and jejunal). In contrast, the substantial digestive
stability of lutein was reported by Blanquet-Diot et al. (2009) for various
mixtures prepared from real foods containing yellow and red tomatoes
(at least 91%), and also by Courraud et al. (2013), who observed up to
100% of lutein content being retained in a carrot juice digestion
experiment. Although Petry and Mercadante (2017) conceded the pos-
sibility of carotenoid isomerization during in vitro simulation of diges-
tion, assuming this process is promoted by an acidic environment (and a
high temperature), neither they nor other authors observed its occur-
rence (Courraud et al., 2013; Honda et al., 2021; Kopec et al., 2017).

Xanthophyll esters showed a high digestive stability, with an average
loss of only 4.6%, but due to the severe decrease caused by boiling, their
content dropped to 53.4% of the raw grain i.v., corresponding to
0.17 pg/g. Rodrigues et al. (2016) stated that the number of studies in
which esterified carotenoids were monitored after simulated in vitro
digestion is limited, as alkaline hydrolysis is usually included in the
sample preparation for carotenoid determination, and therefore only
results of free carotenoids are provided. Taking esterified carotenoids
into consideration is of particular importance, since the form of carot-
enoids is one of the crucial factors (along with the amount of fat and
fiber present) affecting their ability to incorporate into micelles, which is
indispensable for their bioaccessibility, and further bioavailability
(Hedrén et al., 2002; Kean et al., 2011). Partial hydrolysis of xanthophyll
esters may be induced during digestion (e.g. by the cholesterol esterase
and by pancreatic lipase activity), thus reducing the hydrophobicity of
the molecules: diesters > monoesters > free xanthophylls, which entails
an enhanced micelle incorporation capability (Chitchumroonchokchai
and Failla, 2006; Petry and Mercadante, 2017; Rodrigues et al., 2016).
The contention of the higher bioaccessibility of free xanthophylls
compared to their mono- and diesterified forms was supported by the
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results of Chitchumroonchokchai and Failla (2006) for zeaxanthin (81%
vs. 44% and 11%) and by Rodrigues et al. (2016) for lutein (29% vs. 17%
and 18%).

Of all the analytes examined, f-carotene and zeaxanthin exhibited
the least resistance to the factors acting during the simulated digestion
process. Compared to boiled grain, a significant decrease of 24.0% was
observed for zeaxanthin, reducing its content to 0.18 pg/g (68.3%), and
B-carotene was completely degraded. An extensive decrease in zeax-
anthin content (to 29.8%) was also reported by Zhang et al. (2020) after
the digestion of cooked maize; however, they observed markedly con-
trasting changes in the content of p-carotene, which, since decreasing to
50.0% of the content in the cooked kernel, appeared to be the most
stable of all the carotenoids analyzed. The high stability of B-carotene
was also indicated by the results of other authors, such as Kopec et al.
(2017) and Failla et al. (2009), referring to a decrease in its content by
25% and 20.7% due to the digestion of mixed meals and orange-fleshed
sweet potatoes. According to Ferruzzi et al. (2006), no significant dif-
ference was observed in p-carotene content before and after the simu-
lated gastric and intestinal digestion phases. The striking stability of
B-carotene was found by Courraud et al. (2013) in the carrot juice
experiment, as 100% of its content was retained after digestion; never-
theless, the B-carotene content of the standard solution used for the
reference dropped by 69% throughout the digestion process. These au-
thors, similarly to Zhang et al. (2020), assumed an improved extraction
from the disrupted food matrix and attributed the relevant effect on the
digestive stability to the nature of the original matrix, such as the
location of carotenoids in the plant cell or the presence of other sub-
stances with antioxidant properties (flavonoids, phenolic acids, etc.).

4. Conclusion

Boiling wheat was found to be a suitable carotenoid-sparing method,
resulting in a substantially higher share of total carotenoids retained
(72.7%) compared to the previously investigated technologies - the baking
of buns (24.9%; Paznocht et al., 2019) and unleavened bread (26.0%;
Buresova et al., 2021) and extrusion and puffing (25.7% and 31.6%; Paz-
nocht et al., 2021). In the present experiment, lutein isomerization was
observed, both as a result of boiling and of the subsequent simulated in vitro
digestive process, increasing the content of 9- and 9’-Z-lutein to a final
111% and 225% of the raw grain’s initial content. Although it is indicated
by the results that isomerization may already occur at a temperature of
around 100°C, the extent of the changes recorded did not reach the level of
isomerization induced by short-term exposure to extreme temperatures
and pressure, as previously described for lutein and zeaxanthin in puffed
kernels. The novel discovery of a culinary treatment that preserves a sub-
stantial share of the carotenoid pigments - for the increased content of
which new, unique wheat varieties are being bred - was needed to conclude
with the consideration of the extent to which their degradation is caused by
subsequent digestion. A favorable finding is that throughout the simulated
digestive process, a significant amount of carotenoids (60.6%) was pre-
served, which is exploitable by the organism and/or can exert antioxidant
activity directly in the gut and thus help to protect intestinal epithelial cells
from free radical damage (Hidalgo et al., 2018; Kopec et al., 2017; Fardet
et al., 2008). Regarding wheat as having an important role in global food
security, not simply due to its undemanding growing conditions, stor-
ability, wide technological processing options, and nutritional composi-
tion, colored-grain wheats represent an opportunity to enrich an
assortment of food commodities with new ones of considerable benefits for
human nutrition and well-being.
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Supplement 1

Concentration (mmol/L) of the individual chemicals contained in the simulated solutions

Constituent SSF SGF SIF
KCI 15.1 6.9 6.8
KH2PO4 3.7 0.9 0.8
NaHCO; 13.6 25 85

NaCl - 47.2 38.4
MgCl,-6H.0 0.15 0.1 0.33
(NH,4)2COs 0.06 0.5 -

SSF Simulated salivary fluid; SGF Simulated gastric
fluid; SIF Simulated intestinal fluid
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5. Souhrnna diskuse

V zrnu zkoumanych odriid a Slechtitelskych linii pSenice, mezi kterymi byly zafazeny
genotypy se zlutym endospermem (Ye), purpurovym perikarpem (Pp), modrym aleuronem (Ba)
a kontrolni odridy se standardni cervenou barvou zrna (red), byl stanoven obsah a zastoupeni
fenolickych kyselin (Paznocht et al. 2020), karotenoidti (Paznocht et al. 2021; Buresova et al.
2021; BureSova et al. 2023) a tokoli (Buresova et al. 2021).

V ramci skupin genotypt dle barvy zrna byl prokazatelné¢ nejvyssi celkovy obsah
fenolickych kyselin v suSin¢ zrna (TPA; total phenolic acid content) zaznamenan u pSenic s Ba
naméteny u kontrolnich odrid (599 pg/g) spadal do relativné Sirokého rozmezi hodnot TPA
standardnich ¢ervenych pSenic uvadénych jinymi autory (547-900 pg/g) (Fernandez Orozco
et al. 2010; Guo & Beta 2013; Li et al. 2008; Ma et al. 2016; Zuchowski et al. 2011). ZvysSeny
TPA u Ba a Pp oproti tradi¢nim odridam psenic, ktery byl pozorovan i v jinych studiich (Liu
et al. 2010; Ma et al. 2016; Zrckova et al. 2018) by mohl do zna¢né miry souviset s obsahem
anthokyanovych barviv. Syntéza téchto pigmentl vychazi z fenylpropanoidové drahy, jejimz
centralnim metabolitem je p-kumarova kyselina (Vogt 2010), ktera mize slouzit jako prekurzor
anthokyanidini, coz bylo zjisténo také u ferulové kyseliny (Shao & Bao 2015), jejiz podil na
TPA pseni¢nych zrn je zcela dominantni (Brandolini et al. 2013; Fernandez-Orozco et al. 2010;
Hernandez et al. 2011; Ma et al. 2016; Ndolo & Beta 2014; Yilmaz et al. 2015; Zuchowski et al.
2011). Nestabilni chromofory anthokyanovych barviv zpravidla vazané na sacharidovou slozku
(glukosu, galaktosu aj.) byvaji navic Casto acylovany fenolickymi 1 jinymi organickymi
kyselinami, jako napf. octovou, p-kumarovou, ferulovou nebo sinapovou (Jokioja et al. 2021).
Lze tedy ptedpokladat, ze vysoky obsah anthokyanii (ElidSova et al. 2020) a fenolickych kyselin
v Ba a Pp pSenicich by mohl byt diisledkem zvySené aktivity fenylpropanoidové biosyntetické
drahy.

Obsah karotenoidd byl v ramci publikovanych studii stanoven v zrnech (celozrnné mouce)
pochazejicich ze tii rtiznych skliziiovych roénikd (2016/2017, 2017/2018 a 2018/2019).
V pruméru za vSechny sezony v souladu s vysledky dal$ich autord (Giordano et al. 2017;
Paznocht et al. 2018; Zrckova et al. 2018) se ze vSech barevnych skupin podle predpokladi
vyznacovaly nejvys§im celkovym obsahem karotenoidd v susiné€ zrna (TCC; total carotenoid
content) psenice s Ye (4,12 pg/g). Ve srovnani s TCC v zrnu standardnich ¢ervenych odrad
(1,15 png/g) a Ba genotypt (1,22 ng/g) dosahovaly mirn¢ vyssich primérnych hodnot pSenice
sPp (1,45 pg/g). Zvyseny TCC u Pp pSenic oproti tradi¢nim odridam (2,62 vs. 2,56 ug/g)
pozorovali také Ndolo & Beta (2013) a Ficco et al. (2016) uvadé;ji dokonce srovnatelné hodnoty
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TCC v celozrnné mouce z Pp a Ye pSenice tvrdé (7,38 a 7,68 pg/g). Z pohledu jednotlivych
genotyptl byl mimoradné vysoky TCC (8,29 pg/g) naméfen u Ye genotypu KM 109-17 ze
sklizng 2017/2018 (Buresova et al. 2021). Mimo Ye psenic byl ve vSech skliziiovych letech
pozorovan zvySeny TCC u Pp odridy Konini (primérné 1,97 ug/g).

Procentudlni zastoupeni jednotlivych karotenoidii bylo napfi¢ vSemi barevnymi skupinami
ve vSech zkoumanych sezénach velmi podobné. V souladu s naprostou vétSinou praci
publikovanych k tomuto tématu (Giordano et al. 2017; Hussain et al. 2015; Paznocht et al. 2018;
Ziegler et al. 2015) byl majoritnim analytem lutein, ktery piedstavoval primérné vice nez 70 %
TCC, z toho 8 % tvorily jeho cis-isomery. Lutein spolu se zeaxanthinem, které jsou nezbytné
pro spravnou funkci o¢ni sitnice (Kotikova et al. 2016), byly jedinymi dvéma karotenoidy
detekovanymi ve vSech genotypech a skliziiovych letech. Ve srovnani s luteinem byl podil
zeaxanthinu na TCC mnohem niz$i a pramérné ¢inil 10 %. Dale byly detekovany [-karoten
a antheraxanthin, které vSak pfedstavovaly pouze minoritni podil TCC. U vétSiny genotypl
byly identifikovany také karotenoidy ve formé esteril, vznikajici acylaci xanthofylii mastnymi
kyselinami, jez piredstavuje efektivni zpisob ochrany pied (foto)oxidaci, umoziujici
dlouhodobé skladovani pigmentl v rostlinnych bunkach (Zia-Ul-Hagq 2021). Nékteti autofi
povazuji esterifikované karotenoidy oproti volnym formém za stabilnéj$i vii¢i riiznym faktorim
spojenym se zpracovanim potravin (Fu et al. 2010; Mattera et al. 2017), na druhou stranu jejich
absorpce Vv travicim traktu je v dasledku zvySené liposolubility omezena (Breithaupt et al.
2002).

Nejvyssi celkovy obsah tokolt (TTC; total tocol content) byl pozorovan v zrnu tradi¢nich
s Ye (43,3 pg/g). Vzajemné srovnatelnych hodnot TTC dosahovaly Pp a Ba genotypy (51,3
a 50,9 ng/g). Podstatn¢ nizsi TTC naméfili u netradiéné zbarvenych psSenic Lachman et al.
(2018), ktefi vSak v souladu s nasimi vysledky uvadi srovnatelné hodnoty u Pp a Ba genotypt
mohou byt kromé environmentalnich podminek jednotlivych ro¢nikli, zplsobené také
genetickymi faktory, které vyrazné ovliviiuji obsah tokoli (Lampi et al. 2010), ale také
karotenoidu (Zrckova et al. 2018) a fenolickych latek v zrnu (Capouchova et al. 2020). NaTTC
se z vice nez 60 % podilely tokotrienoly, a to zejména diky vysokému obsahu p-tokotrienolu
(B-T3; 28,1 pg/g, 55 % TTC), jehoz majoritni zastoupeni v pSenici uvadéji i Hidalgo
et al. (2009), Lampi et al. (2010) a Fratianni et al. (2012). Vyjimku piedstavovala Ye odruda
Bona Vita, ktera byla jako jedinad ze vSech analyzovanych genotypu charakteristicka vySSim
podilem a-tokoferolu (a-T) oproti B-T3 (40,2 vs. 25,7 %). Vysoky obsah a-T, ktery ma ze vSech

osmi forem tokoll nejvyssi biologickou aktivitu a jako jediny splituje kritéria, aby mohl byt
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v souvislosti s lidskym organismem oznacovan jako vitamin E (Azzi 2018), byl zaznamenan
U odriidy Konini (15,4 ug/g), coz je nejvice ze vSech analyzovanych genotypu.

Pro stanoveni zmén obsahu sledovanych obsahovych latek zrna vlivem riznych technologii
potravinaifského zpracovani byly provedeny experimenty extruze a pufovani (Paznocht et al.
2021), ptipravy nekynutého peciva (Buresova et al. 2021) a vafeni s naslednym simulovanym
travicim procesem in vitro (BureSova et al. 2023).

V dusledku extruze doslo k primérnému poklesu TCC o 74 % oproti ptivodni hodnoté (p.h.)
Vv celozrnné mouce, pfi¢emz nejmensi ubytek byl pozorovéan u klasickych Cervenych odrud
(65 %). Navzdory rozsahlé degradaci pozorované u Ye genotypu (78 %) byl ve finalnich
extrudovanych produktech ztéchto pSenic zachovan nejvétsi TCC (1,01 ug/g) ze vSech
analyzovanych barevnych skupin (Pp 0,4 > red 0,38 > Ba 0,27 pg/g). Vyrazné nizsi miru
degradace vlivem extruze zaznamenali Ortiz et al. (2018) u kukufi¢né (23 %) a Waramboi et al.
(2013) u batatové mouky (39 %). V obou uvedenych studiich byl pozorovan vyznamny vliv
vlhkosti vychozi smési, kdy nejnizSich ztrat bylo dosazeno pii nejvyssi vlhkosti. DalSim
podstatnym faktorem muze byt chemické slozeni vstupniho materialu, a to zejména obsah
Skrobu, ktery pokud je vyssi v poméru k obsazenym bilkovinam, mtize vii¢i karotenoidiim
vykazovat protektivni efekt, coz pozorovali Dehghan-Shoar et al. (2010) béhem extruze obilné
mouky obohacené pastou z rajcatovych slupek. Pro dosazeni pozadované kvality vyslednych
produktl, byla v naSem experimentu zvolena relativné nizkd vlhkost vychozi smési (20 %)
a vysoka extruzni teplota (130 °C), coz spolu s vysokym obsahem bilkovin ve zpracovavaném
materialu mohlo byt divodem markantnéjSich ztrat, nez které pozorovali vySe uvedeni autofi.
Pufovanim doslo k poklesu TCC o 64 %, coz ve srovnani s extruzi pfedstavuje nizsi, pfesto
vsak statisticky vyznamny ubytek (Table 2; Paznocht et al. 2021). Podobné¢ jako u extruze byly
k degradaci velmi nachylné karotenoidy obsazené v Ye genotypech, jejichz obsah poklesl
pramérné o 71 %, ale i ptesto finalni produkty z téchto psSenic obsahovaly vyrazné vyssi TCC
(1,12 pg/g) nez ostatni barevné skupiny (Pp 0,44 > Ba 0,29 > red 0,25 ug/g).

Cely proces vyroby nekynutého peciva zpiisobil stejné€ jako v ptipadé extruze ubytek TCC
0 74 %. Nejvétsi podil p.h. TCC byl zachovan u klasickych ¢ervenych odrid (pokles o 66 %),
zatimco k nejvyraznéjsi degradaci doslo u Ba (80 %) a Ye pSenic (78 %). Ptesto byl u skupiny
psenic s Ye zachovan relativné nejvyssi TCC (Ye 1,52 > red 0,70 > Pp 0,62 > Ba 0,37 pg/g).
Pti srovnani jednotlivych krokt technologického zpracovéani byl obsah karotenoidl ve findlnim
vyrobku ve vétsi mife ovlivnén hnétenim tésta (pokles o 51 %) nez samotnym pecenim (pokles
0 23 %). Mira degradace, ke které doSlo béhem ptipravy nekynutého tésta byla dle pavodnich
predpokladii nizsi (o 10—15 %), nez jakou pozorovali Paznocht et al. (2019) a Leenhardt et al.

(2006) pti ptiprave tésta kynutého. Nase vysledky jsou srovnatelné s hodnotami publikovanymi
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autory Fratianni et al. (2012) a Hidalgo et al. (2010), ktefi stanovili pokles celkového obsahu
karotenoidi 0 51 a 54 % v tésté pouzitém pro vyrobu téstovin. Posledné jmenovani autofi
zaznamenali vyrazné€ niz8i pokles TCC pii ptipravé chleba a suSenek (0 26 a 23 %), pfi které
bylo té€sto hnéteno poloviéni dobu nez v nasi studii.

Ze vsech analyzovanych genotypt doslo k nejvétSimu poklesu TCC u Ye odridy Bona Vita
se tyce barevnych skupin, ob€, u nichz doslo k nejvyraznéjsim ztratam TCC v tésté (Ba a Ye
pSenice), mély také nejnizsi pocatecni TTC v mouce. Naproti tomu standardni ¢ervené odridy,
u kterych byl zachovan nejvétsi podil TCC, vykazovaly nejvyssi TTC v mouce (Table 2;
Buresova et al. 2021). Tyto vysledky naznacuji, Ze vysoky obsah tokolti v mouce by mohl mit
ptiznivy vliv na mnozstvi karotenoidi zachovanych po piipravé tésta. Nase hypotéza byla
podpoiena vysledky korelaéni analyzy, kterd ukazala vyznamnou pozitivni zavislost
(R=0,693; p<0,001) podilu TCC zachovaného v tést¢ a po¢ateéniho TTC v mouce (Figure 4;
BureSova et al. 2021). To je v souladu s poznatky o protektivnim ucinku tokoferold proti
oxida¢ni degradaci karotenoidu, ktery pozorovali i jini autofi (Kaur et al. 2015; Shibasaki-
Kitakawa et al. 2004; Schaub et al. 2017).

Primérny procentualni ubytek tokolt zplsobeny hnétenim tésta byl ve srovnani
s karotenoidy nizsi (33 vs. 51 %), coz je v souladu s vysledky autorti Leenhardt et al. (2006)
(12 vs. 66 %) a Fratianni et al. (2012) (28 vs. 49 %). Ackoli tokoly vykazovaly v prub&hu
piipravy tésta vétsi stabilitu, byl na zakladé korela¢ni analyzy zjistén pozitivni vztah (R = 0,605;
p <0,001) mezi podilem zachovaného TCC a TTC v tésté (Supplement 3; BureSova et al. 2021),
coz naznacuje, ze degradace obou skupin analytl zavisi do urcité miry na stejnych faktorech.
Vzhledem k tomu, ze béhem hnéteni je do materialu zapracovavana voda a kyslik, je v této fazi
pravdépodobné podporovana zejména oxidace polynenasycenych mastnych kyselin
katalyzovana enzymy ze skupiny lipoxygenas (Eyoum et al. 2003). Tato reakce vede ke vzniku
hydroperoxidl, které vyvoldvaji oxidacni degradaci karotenoidii a tokold. Enzymy fizena
apifima oxidace jsou tedy hlavnimi faktory zpisobujicimi degradaci té€chto lipofilnich
antioxidanti béhem pfipravy tésta (Hidalgo & Brandolini 2010; Leenhardt et al. 2006).

Vysoka teplota pii peceni zptisobila dalsi degradaci karotenoidd v praméru o 23 %, pti¢emz
mezi analyzovanymi barevnymi skupinami nebyly zjistény pfili§ velké rozdily: red > Pp > Ba
> Ye (pokles 0 27 > 23 > 22 > 21 %). Srovnatelny ubytek TCC (0 27 %) byl zjistén také
Vv pfedchozim pokusu s vyrobou peciva kynutého (Paznocht et al. 2019). Tyto vysledky
naznacuji, Ze relativné velké mnozstvi karotenoidi, které bylo uchovéano v tésté diky absenci
faze kynuti, béhem peceni vyrazn¢ pokleslo, a to pravdépodobné hlavné kvili odlisnému tvaru

v

vyrobku, kdy vysoké teploty peceni maji zfejme skodlivejsi vliv na karotenoidy v pripadé tenké
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nekynuté placky ve srovnani s nadychanou kynutou houskou. Primérny pokles TTC, ke
kterému doslo v prubéhu peceni (0 9 %) podpofil tvrzeni o vyssi termostabilité tokolt oproti
karotenoidim (Hidalgo & Brandolini 2010; Leenhardt et al. 2006). Stejné jako u karotenoidi
se barevné skupiny v ubytku TTC vyvolanym vysokou teplotou peceni vyznamné nelisily: Ba
>red>Pp>Ye (012> 11>8>6%). Vzhledem k celému procesu piipravy nekynutého peciva
doslo k primérnému poklesu TTC na 58 % p.h., pficemz nejvyssi celkovy obsah byl
zaznamenan ve findlnich produktech vyrobenych z tradi¢nich odrad (40,4 pg/g), coz je o 40—
60 % vice nez u Ba, Pp a Ye genotypu (28,4; 27,9 a 24,5 ng/q).

Vatenim doSlo k primérnému poklesu TCC o 27 % p.h. v zrnu (Table 2; BureSova et al.
2023). Analogicky k ostatnim zkoumanym technologiim zdstal pfes relativné vysoké
procentualni ztraty (33 %) nejvyssi TCC zachovan v genotypech s Ye (2,40 pug/g vs. Pp 1,03 >
red 0,70 > Ba 0,62 ug/g). Nejodolngjsi vuci vafeni byla Pp odrida Konini u které byla
pozorovana nejniz$i mira degradace (17 %) ze vSech genotypt a varena zrna si tak zachovala
nékolikanasobné vyssi TCC (1,57 pg/g) ve srovnani s nekynutym pecivem (0,45 pg/g),
pufovanymi zrny (0,45 pg/g) 1 extrudaty (0,75 png/g). Tyto rozdily byly zjistény nejen v ptipadé
Konini, ale také pfi porovnani primérnych hodnot TTC vsech analyzovanych genotypt, které
byly vyrazné vyssi po vafeni (1,15 pg/g) nez po peceni (0,81 ng/g), extruzi (0,51 ug/g)
i pufovani (0,49 ug/g). Vateni tedy predstavuje velmi uc¢innou technologii z hlediska zachovani
karotenoidi, coz je patrné zejména pii srovnani zachovaného procentudlniho podilu TCC
ve findlnich vyrobcich, kdy v nekynutém pecivu a pufovanych zrnech zlstalo 26 %,
v extrudatech 32 % a ve varenych zrnech témét 73 % p.h.

Zmény obsahu jednotlivych identifikovanych isomert luteinu vyvolané vafenim se lisily,
pfiCemZ u majoritné¢ zastoupené¢ho all-trans-luteinu byl zaznamenan pokles na 72 % p.h.
V syrovém zrnu, coZ je asi tfikrat vice nez bylo zachovano po peceni (19 %), extruzi (22 %)
a pufovani (18 %). Ve srovnani s all-trans-luteinem byly vétsi ztraty pozorovany u 13-cis-
a 13’-cis-luteinu, zatimco obsah 9-cis- a 9’-cis-luteinu po vafeni dokonce vzrostl na 124
a 166 %. Tyto vysledky naznacujici vyraznou stabilitu nebo isomeraci 9-Cis- a 9’-cis-luteinu
jsou priznivé zejména s ohledem na silnéjsi antioxida¢ni G¢inky cis- oproti trans-isomerim
odpovidajicich karotenoidi (Honda et al. 2021). Vyssi retence ve vafenych zrnech ve srovnani
s produkty ostatnich technologii byla zaznamenéna u vSech detekovanych analyti, s vyjimkou
9’-cis-luteinu, jehoz obsah v disledku pufovani vzrostl az na 198 %, coz mohlo byt zptisobeno
rozsahlejsi isomeraci vyvolanou vysokym tlakem a teplotami (Shen et al. 2015).

U esterovanych xanthofylli byla v disledku vafeni pozorovana podobnd mira degradace
jako u volnych karotenoidt (pokles na 58 %), coz bylo zji§téno i v ostatnich experimentech,

které vedly k jesté¢ rozsahlejsi degradaci karotenoidnich esterd (pecenim doslo k poklesu
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na 28 %, extruzi na 22 % a pufovanim na 30 % p.h.). Uvedené vysledky tak nenasvédcuji vyssi
odolnosti esterovanych karotenoidii viici vysokym teplotam pfi zpracovani, jak uvadé;ji nékteré
ptedchozi studie (Ahmad et al. 2013; Mattera et al. 2017).

Homogenizované vzorky vafenych pSenicnych zrn byly podrobeny simulovanému
tiistupiiovému procesu traveni, aby bylo mozné stanovit stabilitu karotenoidii béhem traveni,
vyjadifenou procentudlnim poklesem vzhledem k obsahu ve vafeném zrnu a také celkovou
stabilitu, uréenou podilem karotenoidli zachovanych po celém procesu zpracovani zrna, véetné
vafeni i traveni. Travenim doSlo k primérnému ubytku karotenoidd o 12 %, coz vedlo
k zachovani témét 61 % p.h. TCC. Podobnou stabilitu karotenoidl v prub&hu traveni riznych
potravinovych matric (pokles do 10 %) zaznamenali Rodrigues et al. (2017). Vyssi ztraty
v disledku traveni obilné matrice (2362 %) pozorovali Kean et al. (2011), nicmén¢ v souladu
S nasimi poznatky povazuji karotenoidy za relativn€ stabilni béhem traviciho procesu, coz je
velmi zajimavé vzhledem k jejich uvadéné nizké odolnosti viici plisobeni kyselin (Kopec et al.
2017). Zatimco u vétSiny isomert luteinu byl pozorovan v disledku traveni urcity pokles (o 2—
13 %), obsah 9’-cis-luteinu vzrostl témét o 60 %, coz Ize na zaklad¢é vyssi vyuZitelnosti Cis-
oproti trans-isomerim v organismu (Honda et al. 2021) pokladat za piiznivé zjisténi.
Esterované karotenoidy vykazovaly V prubéhu traveni vysokou stabilitu s pramérnym
poklesem o pouhych 5 %, ale v disledku zna¢ného tibytku zpisobeného vafenim bylo nakonec
zachovano pouze 53 % p.h. Ve vétSiné studii zabyvajicich se stanovenim karotenoidi po
simulovaném traveni in vitro byla v ramci ptipravy vzorku provadéna alkalicka hydrolyza,
a proto jsou uvadeény pouze vysledky volnych karotenoidii a stanovenim esterovanych forem
po simulovaném travicim procesu se zabyval jen omezeny pocet studii (Hempel et al. 2017,
Xavier et al. 2014). Zohlednéni esterovanych karotenoidii ma nicméné znaény vyznam, nebot’
molekularni struktura karotenoidi je rozhodujicim faktorem ovlivitujicim solubilizaci do micel,
nezbytnou pro jejich vyuzitelnost v organismu. V disledku hydrolytického Stépeni
esterovanych karotenoidl trdvicimi enzymy dochéazi ke zvySeni polarity molekul, ¢imZ je
vyrazné usnadnéna inkorporace do micel potiebna pro jejich vstiebavani (Breithaupt et al.
2002; Petry & Mercadante 2017; Rodrigues et al. 2016).
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6. Zavér

Slechténi netradi¢nich genotypti psenice a jejich vyuZiti v potravinafském pramyslu by
mohlo piedstavovat udrzitelné feSeni pro zajiSténi svétové potravinové bezpecnosti, nebot
pSenice je jednou z nejvyznamnéjSich zakladnich plodin, kterd vyrazné piispiva k saturaci
nutri¢nich potieb lidstva. Ptidanou hodnotou téchto netradi¢nich genotypu je zvySeny obsah
biologicky aktivnich latek v zrnu, které maji diky svému antioxida¢nimu plsobeni zasadni
vyznam v prevenci patogeneze fady lidskych onemocnéni.

V ramci disertacni prace byla optimalizovana a validovana analyticka HPLC-FLD metoda
stanoveni jednotlivych forem tokolli z obilné matrice, kterd byla vyuzita pro analyzu téchto
latek v ruznych genotypech psenice. Obilky kontrolnich ¢ervenych odrud a netradi¢nich
genotypu pSenice, se zlutym endospermem (Ye), modrym aleuronem (Ba) a purpurovym
perikarpem (Pp) byly analyzovany také z hlediska obsahu a zastoupeni karotenoidi
a fenolickych kyselin.

Z vysledki publikovanych studii je patrné, Ze v obilkach netradi¢nich genotypu je oproti
standardnim cervenym odriddm vyznamné vys$i obsah fenolickych kyselin a karotenoidi
(u Ye a nekterych Pp a Ba genotypt), nikoli vsak tokolt, jejichz hodnot u klasickych odrad
ostatni barevné skupiny nedosahovaly. Vétsi mnozstvi fenolickych kyselin zaznamenané
U pSenic s Ba a Pp lIze pricitat aktivit¢ fenylpropanoidové drahy, ze které vychazi i syntéza
anthokyanovych barviv, jejichz zvySenym obsahem jsou tyto pSenice charakteristické.
Vysokym obsahem karotenoidi se oproti standardnim odriddm vyznacovaly ptedevSim
pSenice s Ye a také nékteti zastupci pSenic s Pp, zejména Konini. Odrida Konini byla zajimava
i Z pohledu zastoupeni tokold, nebot’ méla ze vSech analyzovanych genotypd nejvyssi obsah
a-tokoferolu, ktery se vyznacuje nejvyssi biologickou aktivitou ze vSech forem tokola.

Za tUcelem nalezeni optimalni metody technologického zpracovani pseni¢ného zrna
z hlediska zachovani co mozna nejvyssiho obsahu karotenoidt a tokolt byly vyhodnoceny
zmeény V obsahu téchto latek v prubéhu extruze, pufovani, ptipravy nekynutého peciva a vareni
s naslednym simulovanym travicim procesem in vitro. Pfi porovnani kritickych krokd vyroby
nekynutého peciva doslo béhem peceni k podstatné niz§im ztratdm karotenoid a tokolii neZ pii
hnéteni tésta. Ve fazi pfipravy tésta, v niz jsou tyto slouc¢eniny degradovany ptredevsim pifimou
oxidaci a pisobenim oxida¢nich enzymt, byl prokazan zna¢ny protektivni u€inek tokold ve
vztahu ke karotenoidiim. Cim vys§i byl po¢atecni obsah tokolél v mouce, tim vy3ii procento
karotenoidi bylo na konci faze hnéteni tésta zachovano. Z vysledkd je patrné, Ze tokoly
vykazovaly oproti karotenoidim vé&tsi stabilitu nejen v prubéhu piipravy tésta, ale také pii

pusobeni vysokych teplot béhem peceni.
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Z pohledu vyuziti nutri¢niho potencialu zrna netradi¢nich genotypti pSenice je nejvhodnéjsi
metodou technologického zpracovani vateni, které vedlo k zachovani podstatné vyssiho podilu
celkového obsahu karotenoidi (73 %) ve srovnani s pecenim (26 %), extruzi (26 %)
a pufovanim (32 %). Pozitivni je také zjiSténi, ze ve vafenych zrnech podrobenych
simulovanému travicimu procesu zustalo zachovdno vice nez 60 % plvodniho obsahu
karotenoidii, které mohou byt v organismu dale vyuzity nebo mohou pisobit antioxidacné
pfimo v travicim traktu.

Ptestoze by vafend pSeni¢nd zrna mohla predstavovat zajimavou alternativu ptilohovych
potravin, neni jejich vyuziti ve spotiebitelské praxi zatim prili§ rozsitené. Vysledky disertacni
prace detailn€ popisujici rozsédhlou variabilitu obsahu fenolickych kyselin, karotenoidt a tokola
napii¢ souborem zkoumanych pSenic davaji moznost dale selektovat vhodné donory
aVkoneéném disledku vyslechtit nové genotypy S jedineCnym zdravotné prospéSnym
slozenim zrna, které by byly odolné vici faktorim plsobicim v riznych vice vyuzivanych
zpracovatelskych technologiich. Z hlediska maximalniho vyuziti nutriéniho potencialu
netradi¢nich genotypti pSenice by bylo vhodné navrhnout hygienicky a ekonomicky piijatelna
technologicka opatfeni ke snizeni aktivity oxida¢nich enzym jiz od po¢atku vyrobniho procesu
nebo vybrat genotypy se zvySenym obsahem karotenoidt i tokoll ¢i pfirozené nizsi aktivitou
oxidacnich enzymi v zrnu. Za timto ucelem je nezbytné pokracovat ve Slechtitelském usili,
které by kromé¢ zlepSeni kvalitativnich parametrti zrna mélo byt zaméfeno na zvyseni odolnosti
rostlin vici stresu a chorobam a s tim souvisejici posileni vynosového potencialu, nebot’ tyto
agronomické parametry mohou komeréni vyuziti nutriéné perspektivnich netradi¢nich

genotypl pSenice v potravinaiském priamyslu zna¢né limitovat.

Shrnuti cila a hypotéz:

Cil 1. Stanovit zastoupeni a obsah nutri¢né vyznamnych latek ze skupiny karotenoidi,
tokochromanolii aj., v zrnu Sirokého spektra nové vyslechténych genotypt
pSenice.

Splnéno: Paznocht et al. (2020); Paznocht et al. (2021); Buresova et al. (2021);
Buresova et al. (2023).

Cil 2. Stanovit zmény v obsahu karotenoidii a tokochromanoli vlivem riznych
technologii potravinarského zpracovani a béhem jejich jednotlivych krok.

Splnéno: Paznocht et al. (2021); Buresova et al. (2021); Buresova et al. (2023).

Cil 3. Z béznych metod technologického zpracovani pSeni¢ného zrna vybrat optimalni
Z hlediska  zachovani co moznad nejvys$Siho obsahu  karotenoidi
a tokochromanoli.
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Hypotéza 1.

Hypotéza 2.

Hypotéza 3.

Hypotéza 4.

Splnéno: Paznocht et al. (2021); BureSova et al. (2021); BureSova et al. (2023).

Zrno barevnych genotypl psSenice obsahuje vice nutricn¢ vyznamnych latek
(karotenoidli, tokochromanoli aj.) ve srovnani sodridami tradi¢né
pestovanymi.

Hypotéza byla potvrzena pro fenolické kyseliny u vSech barevnych skupin
(Paznocht et al. 2020) a pro karotenoidy u psSenic s Ye a nékterych genotypa s Pp
a Ba (Paznocht et al. 2021; BureSova et al. 2021; Buresova et al. 2023). Hypotéza
byla zamitnuta pro tokochromanoly (Buresova et al. 2021).

Tokochromanoly se oproti karotenoidiim vyznacuji relativné vyssi stabilitou
Vv pribéhu technologického zpracovani pseni¢nych zrn.

Hypotéza byla potvrzena (Buresova et al. 2021).

Technologické procesy zpracovani pSeni¢ného zrna maji negativni vliv na obsah
karotenoidi a tokochromanolt ve vyslednych produktech.

Hypotéza byla potvrzena (Paznocht et al. 2021; Buresova et al. 2021; BureSova
et al. 2023).

Vareni je z béZnych metod zpracovani pSeni¢ného zrna nejSetrnéjsi
k obsaZzenym karotenoidiim a tokochromanoltm.

Hypotéza byla potvrzena (Paznocht et al. 2021; BureSova et al. 2021; Buresova
et al. 2023).
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8. Seznam zkratek

ABA
Ac-CoA
ATP
AVED

Ba

BCO1
CAR
SCAR*
[Car]™
[Car-RX]
CCDs
CDP-ME
CDP-MEP
cMEPP
CRTISO
CTP
DMAPP
DMGGBQ
DMPBQ
DXP

FDP

FSI

FSII

GDP
GGDP
HDL
HDMBPP
HGA
HGGT
HMG-CoA
HPP

HPT
HYDB

abscisova kyselina

acetyl-koenzym A

adenosintrifosfat

ataxie s izolovanym nedostatkem vitaminu E
modry aleuron

B, B-karoten 15, 15°-0xygenasa

molekula karotenoidu v zakladnim singletovém stavu
molekula karotenoidu v tripletovém stavu
radikalovy kationt karotenoidu
karotenoid-radikalovy addukt

karotenoid $tépici dioxygenasy
4-difosfocytidyl-2-C-methyl-D-erythritol
4-difosfocytidyl-2-C-methyl-D-erythritol-2-fosfat
2-C-methyl-D-erythritol-2,4-cyklodifosfat
karotenoid isomerasa

cytidintrifosfat

dimethylallyldifosfat
2,3-dimethyl-6-geranylgeranyl-1,4-benzochinon
2,3-dimethyl-6-fytyl-1,4-benzochinon
1-deoxy-D-xylulosa-5-fosfat

farnesyldifosfat

fotosystém |

fotosystém II

geranyldifosfat

geranylgeranyldifosfat

lipoprotein o vysoké hustoté
1-hydroxy-2-methyl-2-(E)-butenyl-4-difosfat
homogentisova kyselina

homogentisat geranylgeranyltransferasa
3-hydroxy-methylglutaryl koenzym A
p-hydroxyfenylpyruvat

homogentisat prenyltransferasa

B-karoten hydroxylasa
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HYDE
CHL
SCHL
IPP
LCY
LCYB
LCYE
LDL
LHCI
LHCII
MEP
MEP draha
MGGBQ
MPBQ
MVA
MVA draha
MVAP
MVAPP
NADP*
NADPH
NSY
102

203
PDP
PDS
PLTP
Pp

PSY
RDH
Red
ROS
SR-BI
TAP
TBP
TCC

e-karoten hydroxylasa

molekula chlorofylu v zdkladnim singletovém stavu
molekula chlorofylu v tripletovém stavu
isopentenlyldifosfat

lykopen cyklasa

lykopen B-cyklasa

lykopen e-cyklasa

lipoprotein 0 nizké hustoté

svétlosbérny komplex I

svétlosbérny komplex II
2-C-methyl-D-erythritol-4-fosfat
methylerythritol fosfatova draha
2-methyl-6-geranylgeranylplastochinol
2-methyl-6-fytylplastochinol

mevalonova kyselina

mevalonatova draha

mevalonat-5-fosfat

5-difosfomevalonat
nikotinamidadenindinukleotidfosfat
redukovany nikotinamidadenindinukleotidfosfat
neoxanthin synthasa

singletovy kyslik

tripletovy kyslik

fytyldifosfat

fytoen desaturasa

fosfolipidovy transportni protein

purpurovy perikap

fytoen synthasa

retinol dehydrogenasa

standardni odriidy pSenice s ¢ervenou barvou zrna

reaktivni formy kysliku

transmembranovy glykoprotein ,,scavenger receptor class B type I

proteinovy pienasec ,,tocopherol associated protein*
proteinovy ptrenasec ,,tocopherol binding protein*

celkovy obsah karotenoidli
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TPA
TTC
a-TTP
a-T
B-T3
VDE
VLDL
Ye
ZDS
ZEP
Z-1SO

celkovy obsah fenolickych kyselin
celkovy obsah tokoli

a-tokoferol transportni protein
a-tokoferol

[-tokotrienol

violaxanthin deepoxidasa
lipoprotein 0 velmi nizké hustoté
zluty endosperm

{-karoten desaturasa

zeaxanthin epoxidasa

C-karoten isomerasa
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